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ABSTRACT 


Exploitation of the aerodynamic heating reductions attending the ! 

use of Space Shuttle Orblter vehicle surfaces which are non-catalytic ' 

to 0-atom and N-atom recombination requires an improved knowledge of 
the chemical and physical factors governing the corresponding reaction 
probabilities Yq Y« on these surfaces at elevated temperatures. ^ 

Described herein are the results of an experimental program including: .i 

(1) development of a laboratory flow reactor technique for measuring 
Yq and Ym on candidate materials at surface temperatures » T^ in the 
nmlnal range 1000-2000K,(ii) measurements of Yq and y.- above lOOOK 
for both the glass coating of a reusable surface insulation (RSI) material 
and the siliconized surface of a reinforced pyrolyzed plastic (R?P) 
material intended for leading edge service, (ill) corresponding measurement 
of the ablation behavior of the coated RPP material at T 2150K, 

(Iv) X-ray photoelectron spectral studies of the chemical constituents 

on these surfaces before and after dissociated eas exposure, (v) sranninc* 

electron micrograph examination of as-received and reacted specimens, 

and (vl) development and exploitation of a method of predicting the 

aerodynamic heating consequences of these Yq(T^) and Y%.(fy) measurements 

for critical locations on a radiation cooled Orblter vehicle. It was * 

concluded that while presently tested materials exhibited considerable 

high temperature atom recombination activity, the potential for 

achieving lower y without sacrificing high emittance exists, v'^aductiens would 

be especially advantageous for regions of the vehicle exposed to 

appreciable N-atom concentrations. 










ejflyli Study for ugaet SI. i tcU VehlcU Theroal Protection 
8wt« at Hatariala 


TABLE OF COWTPITS 


Scetlea Title 
nCOBE CAPTIONS 


1. lIlIBODUCtlON 

2. Funr BEACTOR 

2*1 and Experlaanfeal T«ehalq«*s 

2*1.1 Apparatua 

2.1.2 Expariaaatal Taehnlqtias 

2.2 Data Raduetloa Proeadura 

2*2.1 Laval 1 Xofaranea of y 

2.2.2 Laval 2 Xafaraaea of y 

2*1 Atea Raerabiaatlon Coaffieient Raaulta for Quarts 
Rlekal* RSX and BPP 
2*3*1 Atea Raeoabinatlon on Quarts 
2*1.2 Atoa Raeoabinatlon on Klekal 
2*3.3 Atoa Raeoabinatlon on BPP 
2.3.4 Atoa Raeoabinatlon on RSI 

3. HASS LOSS EXPERIMENTS - LEADING EDCS MATERIAL 

3.1 Taehnlqua 

3.2 Rasults 

3*3 Xa^lleatlons 

4. * 80BFACE CHABACTERXZAIXON STUDIES 


Irttf Pbecoalaetron Spaetroseopy 
4*1.1 Taelmlqua 

4*1*2 Rasults and Diseuaslon of XPS Expariaants 
4.1.3 Conelusiona and XapUeatlons of XPS Sj^arlaanta 
Seanaing Slaetron Hleroaeopy 
4.2*1 Taehnlqua 

4*2.2 Basults of Seannlng Elaetren ttleroseopy 
4*2.3 Conelusiona and XapUeatlons 


S. AEROnNAKXC HEATXNG OF HYPERSONIC GLXDE VEHICLES 


Mathod: Pradletlng Radiation Equlllbrlua Surfaea Ta^araturas 
for Candidaca Tharaal Protaetlon Systaa Uatarlals 
3.1.1 Equlllbrlua Stagnation Stata Conditions 
3 >1.2 Tbaraodynaale and Transport Ldm and Data 
3.1.3 Xaeoaplata 0, and/or N, Dissoelatlon In tba Low 
Dansity Sheek Layar ^ 

3*1*4 Nuaarlcal Mathods and Couputational Efflelaney 
XapUeatlons of Y-Rasults 

Previously Uneonsldarad «7haaleal Events tOileh Could 
Modify tha Rata of Energy Transfer to tba Vahlela 
Surfaea 

3*3.1 Role of Surfaea»Cstalysad Produetlon of Escltad 
Molaeulas 




t 


Saetloa Tltla 


5,3.2 Influence of Blmolecular Exchange Reactions 

on Energy Transfer to Solids in Dissociated 
Air 

5,4 The Disparity between y Inferred from IXict Reactor 
Tests and y Uiferred from Arc Jet Tests 

6, COMCLDSIONS AMD RECOHMENDAIIOMS 

6*1 Conclusions 
4.2 BecooDendations 

1 , BBFEBEMCES 

8, HOHEMCLAIDRE 

ATPEMDIX 2.2 DF TATt^ OF DOCT REACTOR DATA BEDOCTION PROCEDURE 

APPENDIX 2.3 CN TNE USE (H« AI 2 O 3 ADDITION TO RPP CXWTINGS 

APPENDIX 5.1 CONVERSION OF y. TO REOMBINATIOM RATE CONSTANT 
("VELOCITY") 

aihmqmlEDGEMENTS 


The one year technical effort sunnoarised in this report would not 
have been possible without the cooperation of the individuals and 
organisations cited here. It is thereforo a pleasure to acknowledge: 

C. Scott OlASArLBJ Space Craft Center) for providing background Infotoation 
and data on the Space Shuttle Orblter aerodynaBlc heating probleo; 

B. Brosious (Yale University Pl^alcs Dept.) for his glassblowingj 
M.S. Washburn (Norton Co.) for providing talibration saaples of siUcon 
nitride and silicon oxynitride; F. Wong (State Univ. Hew York - Stony 
Brook, of 1974) for his aselstance in the aerodynauic heating 

eoBputations reported in Sections 5.2, 5.3; the Chesdstry Depart«nt, 
lalp University for permitting use of the Hewlett-Packard ESCA Spectrometer, 
on which nearly all of the measurements reported in Section 4 were made 
and K. Clarin for typing and assistance in assembling quarterly progress 
and final reports. 


1 


fICTBE CtfTIONS 


ft«» Ho. 


C—tioa 


2 . 1-1 
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2.3- 1 

2.3- 2 

2.3- 3 


2.3-4 


3.1-1 


SclMutie of duct ocoa roeoabloatlon roaetor 

Coaputod proflloo of atoa eooeencratloR, praaaure 
and gaa toapcratura In duct atOa recoablnatlon 
Ma xtor t K-atoa/KPP run| • llZOK 

Xaaparaeura dopaodanea of 0-atoa raco^lnatlon on 
fuarts{ Xraaant %rork 

Toivaratara d^iandanea of N-atoa raeoabinatlon on 
guartsi Prasant work • 

0-atea and R-atoa raemblnation eoafflelants on tha 
ti^-kPP aatarlal$0. YQ*valuaa;Q.O'acoa raacclon 
probability t O values; typical axparineotal 
conditions for 0-atom runs: argon flow:260 cc*aca/mln, 
flow: 115 ce«ata/ain, upstream pressure at room 
tcaparatura: 1.4 torr: gas flow velocity in Iteactor 
Section II: 2500 ca/sac; typical exparlnental conditions 
for H-atoa runs: argon flow rate: 250 cc*acn/ain, R, 
flow rata: 450 cc*atm/aln, upstream pressure at room 
temparatura: 20 torr. gas flow velocity in Reactor 
Sactlon II: 2700 cm/sec. 

d-atom and N-atoa recombination eoafflelants on the RSI 
coating aatarlal. For 0-atom data: open symbols are 
ttsasuraaents taken %ihila tha wall temparatura was * 

laeraaslng, closed symbols are measurements taken whan 
tha wall tampatature was dacraasing;0 . aaasurananes 
on tha first cycle; O .measurements on tha second cycle 
^ » alaasuramants on tha third cycle. Typical experlmantal 
ceadltlons for 0-atoa axparinants: argon flow: 390 ce«ata/mi 
O 2 flew rata: 70 ec*ata/ain; upstream pressure at room 
Ciaparatura: 1.6 torr; gas flow valeeity in reactor 
Sectlwi tl: 2350 ca/sac. Typical axparl9>antal conditions 
for R-atoa data: argon flow rata: 302 ec*atm/min. N, 
flow rata: 305 ce«atra/mln; upstream pressure at room 
Caaparatura: 1.6 torr; gas flow velocity in reactor 
Section lit 2600 ca/sac 

Schaaatlc of transonic atom flow reactor used for RPP 
Bass loss axporiaants 
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3.2- 2 

3.2- 3 

3.2- 4 

3.2- 3 

3.3- 1 

4.1- 1 

4.1- 2 

4.1- 3 

4.2- 1 
4*2-2 

*4.2-3 

4.2- 4 

4.2- 5 

4.2- 4 


Cwtion 

IPP eeating recctaion ratt; clrclaai pg « 0.012 
K«rr{ Squarass Pg « O.OSS eorr. Opan^ayobola danota 
252 diaaoelacad gal aixtura: fillad aynbola darote 

■olacular re«:tanta{ daahad line la froa Rosnar and 
Allduderf (1970a) for eha 4-SiC/O reaction at Pg - 10~^ 
torr. 

BPP coating racaaalon rata In a dissociated O^/N^ 

■1. tura. Dashed line Is rata In absence of nitrogen 

Dapcndanea of oxidation probability of silicon carbide 
*92 coating on reciprocal temperature. A «■ ■ 0.11 torr; 
4*C* • 0.025 torr; B • 0^; A.A • O 2 /O 

BPP coating raeasslon rates In stagnation arc jet tests. O 
"Phase 1 " coating; * • "fhasa 2* coating. 

Photoalcrographs of RPP spacitBans after react trei wirh 
^gan. a • T - 1618K; b • T • 1826K; r « T • 2013K; 
d • apaelnan before reaction 

Vapor-condensed phase equilibrium pressures in the SiC- 
S 102-02 system. 

SCheaatic of t!iO X-ray photo-electron spectroscopy 
experiment and data analysis. 

taalastlc mean free path of emitted photo-electrons for 
earlous sasq^le materials 

Xn spectra of RPP coating of (a) y-sample after exposure 
to £ <4 0 atoms at 1673K and (b) mass loss sample after 
aspesure to 0 atoms at 1722K. 

R8X (Lockheed 0042) heated to HOOK In oxygen environment 

B8X (Lockheed 0042), Plasma arc Jet tested at 1260*K. 
(tpeclaen #7, Table 4.1-2) 

RPP freeh coating 

RPP coating after exposure to oxygen molecules at 1618*K. 
Tha top left is the product film 

Photomicrograph of RPP coating after exposure to 0 atoms 
at X720*K. Mote the solidified molten layere at The sides 
of the sample 

IPP coating after exposure to 0 atoms at 1830*K. Nets 
tha spherical nature of the paTtlcles 
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4.2- 8 


5.1-1 


5.1-2 


5.2-1 


5.2-2 


5.2-3 


5.2- 4 

5.3- 1 
5*3-2 


BFF eoaclnf «fc«r exposure to 0 aroa at 1930K 

IPP coating after exposure to M atens at 1830K. Note the 
e of Che surt'ate and the fewer nurbet of cracks. 


4C0B concentration and gas teaperature profiles in 
Che stagnation region shock layer of a hypersonic, 
blunt-nosed body. 


Asproach to dissociation equilibrium in the shock 
layet of a hypersonic vehicle; flight velocity - 26 kfps; 
^e radius * I ft.; wall temperature • 1500K; co^arison 
of orediction methods of tnger (1966) and Tong (1965). 


Dependence of radiation equilibrium temperature on atom 
recombination coefficient for a I ft. nose radius body (3-dit 
A# #k*ak MrodlVflAflliC htfUtiflle 


BciSicced surface temperature vs. time during the 
re-entry of a 2 ft. nose radius Orbiter vehicle with 
BPP nose cap. 


Predicted surface temperature time during re-entry 
Cor a I ft. nose radius, unswupt 2-dic»nslo«al leading 
edge of 2PP material; cases 

Predicted surface temperature vs^ time during re-entry 
4 j ft nose radius, unsuept 2-dlmenslonal leading 
edge of RPP material; Pq^ . calculated using the 
modified Tong (1965) corwlatlon* 

bimolecular M-atom reactions within the boimdary layer 


Energy 
atom r%- 


ansfer effects of bimolecular gas phase X- 
lens under conditions of peak aerodynamic heating. 
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1* mnoDucnoei 


X 0 «a Mrly •£ paptra on tha aarodpnaale haattog of Earth 

laraotry vahlcUa Caaa. ag. CottUrd (19St). Seala (1958). toanar (1963, 
1964a,b,e}, Chung and Aadtrson 0.961) . Uartunlan and Thoapaon (1963) | 

It vaa polntad out that alriifleast raductiona In paak haat tranafar rataa 

fold) and radiation aquillhriua caaparaturaa (T^(y* 1) - T (r»0)* 6dOE) 
eottld ba aehiavtd for vahicUa with appraelabla aarodynaale lift'*', provldad 
■atarlala could ha found with low aton raeonhlnation eeafflcianta, y, 

Indaad, it waa eoneludad that ”a low atoa raeoiAlnatloa eoafflelant y 
for high taaparatura earaaiea , earaata or rafraecory oatal eoatlnga could 
play a rola craparahla to high aolttanca in contributing to tha auecaaa 
of an ovarall daalgn” (Hoanar (1964a)). In tha Intarvanlng yaara tha 
focua of atcantlen taaporarily ahlftad off gllda ra-antry vahlclaa. and, 
in thoae caaaa idiara radiation cooling yaa algnif leant, attention waa 
confined to aaittarea control additivaa and Oxidation protection. However, 
with tha aoarganca of tha NASA Space Shuttle niaaion it ia aaaantial to 
conaidar proposed orbltar vehicle theraal protection ayatam (TPS) 
item tha point of view of chair catalytic activity for exothermically 
coabining incident 0<*atons and H-atoos. Thla la baeauae the required 
insulation weight could ba reduced appreciably if the attributes of low y 
and high total aaictanca could be coablnad la tha Orbltar TPS coatings^, 
... Phfert unataly, for tha reasons outlined below, available literature and tast 

^ • 

Vdhiclaa with little or no aerodynamic lift, depending on their ballistic 
parameter, dacalarata at lower altitudes, causing appreciable atom recombi- 
nation to occur in the denser gas boundary layer adjacent to the solid surface. 
Tha abovamentioned predictions of significantly reduced heat transfer rate 
to noncatAlytic surfaces (or chemically ’'frosen" diasoclatad gas boundary 
layers have been verified in a number of laboratory studies — sae eg. 

Deriugin et_ al. (1964), Carden (1966), Winkler and Criffin (1961), Pope (1968) « 
losing (1964), Anderson (19*/3). 

Orbiter re-use capebility and large payload capacity ara cmtral to the 
economl.c viability of the Space Shuttle. Seduced outer surface temperaturea 
due to lew Y would favorably influence both of these factors. 
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freeadun* fall to provid* tha guldaaca and data raqulrad ta (ally 
a^^lalr. thia phanownoa ca apclalaa cha Orbltar chanal prataeclan apataa. 

Virac* avallabla ktaacle data ea 0 aad N ataa raeaabinacloa an raftraetaty 
aaaaaeata da not antand te cha hl|h auafaea taaparacuraa (> 1200K) 
aaclclpatad duriaf Orbltar ra*aacry. lta«and» avallabla t*data ara llalead 
to aacarSati c^aaieatly (at alaplar chim cheaa llkaly te ba aapleyad on 
tba Orbltar TfS. Third, owlnp la part ca iaadaquata aurfaea ehnraccarlsacloa 
far tba aatarlala vhieh hava baan acudlad, than la llctla uadaratandlng 
a( cha aubtla ehaaieal and phyaleal fattcata ragulnd to aehlava lew racos- 
blaatlaa afficlaoclca In oawly (oraalaitad ns eeatlata. Finally, currently 
uaad arc Jat caac procaduraa probably do net faithfully alaulata cha oop- 
aguillbriua 0 and d ataa cancantrationa llkaly ca ba achlavad la flight. 

Thla report daocrlbaa cha naulta of a ona-yaar, intardlaclpllaary rasaarch 
progrn Inlclacad at Yala Univaralty by tha HASA-Maanad Spacacraft Cancer to 
davalep tha procaduraa and know>how nacaaaary to aaama and exploit low acea 
nco^laatlon probability In tha daolgn of tha charnal procactlon ayatona for 
future lifting hyparaonic ra>antry vahlclaa of tha Space Shuttle Orhlcar typo. 
Tha progran waa aoslnally divided into tha four phaaaa indicated below: 

ttatvaa Fhaaa llapert 

Saeclan 

I., Duct flew nacter Maourananc* of y for 0 aad I 2 

ate* neeablaatlaa 

1, Kaaa loaa (ablation) axpariaeoca* at high aurfaea taa> 2 

paratuna in 0 aad 0 atoa atnaaa 

C* Chaalcal aad phyaleal charaetarlnatloa of chataal proteetlea 4 
ayataa (TFS) natariala eoatlnga by X»rrv phetealaetrea 
apaetroacopy (XPS) and aeanalag albetran aleroacepy (SEtO 
0. tola of hetaroganeoua atoa ncoabination in daeaninlag 5 

Cha taaparatura~tlM heating of tha vehicle aurfaea 


A erttieal rcvlcv and •valuaeloa of altaraaca taehoiquaa and paae 
Maatnraaaaea of 0>acra aad N-acoa racoablBatien caaffleUnca waa 
teeludad in itur Ctrat quarcarly npott (QFR-1) aad will aoc ba rapaatad 
hata. Slailarly, raadan inearaatad la a baaic ravlaw of eha XF8 
taehalqua» aad a auaancp of raeaac applicatloaa to cbaaleally cbaraccartaa 
aelld awrfacaa ata tafatrad to QPR I aad Carlaoa (1972). Whlla our aala coaeant 
baa baaa with tha davalopaaat of gaearally applicable presaduraa ( to 
previda tba baaia for futura aaaauraaaata, da raquirad) our attaatiea 
baa baaa foeuaad hara priaarilp on two typaa of eaadldata Spaca Shuttle 
Aaterielat a rauaabla aurfaee laaulatiea (RSI) eoatiag aad tba ailicentiad 
aorfaee of a reieferead pyrelysad plaatle (RPP) leadiat adga/aoaa cap 
Bfitarial. Thus, tha Uluatrativa kiaatle atid aurfaea-eharaetarlsatioe data 
repostad la Saetloaa 2*4 partaia to thaaa aateriala. Saetlea 9 eoataiaa 
the procedure we have davolopad for pradictlat the aarodynaaic haatiag 
eeaaaquaacaa of Y^CT^l-data. and gtvaa Uluatrativa raaulte baaed on our 
Y ' — a a ureaaata on thla, '.at apaciaeaa of tha RP? (laadlag adga 
aad aoae cap) aatarl^l tip to (7ioR ( tha approxiaate eaaet of appraciabla 
tiasa loaa). A);; lacludad la Sactloa S la a auaury dlaeuaalea of (1) tha 
eaargy t <^far ceaaequancaa of racoablalag 0 or M atoos to axcltad 
ptedur Aelaeulaa^ aad (11) blaolecular axchaaga raaetioaa enable of 
eeRVartlag 2l| late N2 wlthla the gae phaae bouadary layer. Seetiea 6 
id daveted to a auanary ef the principal eoaelualena we have reached » aad 
our aaaeaaaaat of theae areaa la aeed of further work. Baaed on thla 
prellaiaary etudy, tha duet reactor and XPS taehnlquaa davelepad and 
llluatratad herein, can play a valuable role Indeed la future Materlala 
eptialaatloa taaaareh for hyparaenle glide vahlclaa. 


tor a acre detailed account of our analyala of excited aolacule 
totMtioo/daaorptloa/quanchlng, aae Roaaer and Fang (1973) 
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t*l Appwttttt <ad EicpTlff«nt«l Ttchniqmt 
2.1*1 itppamup 

A lew prMSur*. fM& flew duet «toa r*eebblB«tien reactor haa 
baaa eonatructad uatng tha daaign eritaria that wara dlocuaaad la 
taetlea 1.3 of QPR 1. Tha raaetlon ehaafcar la ahowa in Pig. 2.1>1 
and eoaalata of thraa aaetloaa. Saetloa X and XXX of tha raaccor ara 
coostruetad fros quarts and aaeh aaetloo eonalata of two langcha of 
2.5 and 1.7ca l.d. cpllndrleal tubing, and a plaea of aquara quarts 
tubidg^ . Saetlon XX of tha raaetor la a square duct eonatructad 
froa saapla aatarlal. Tha aaapla duet fits snugly along tha outside 
of the square quarts placaa of Sections X and XIX. and tha langth of 
taction XX nay be varied by changing tha distance batuaan Section X 
and taction XXX. 

taapias ara haatad by radiation froa an inductively hoatad 
gvapltita ouaeaptor. Tha cylindrical graphite auaeaptor. in which 
a square hole has bean allied, pcovldaa a aaana of aupport for the 
flat aaaplas atrlpa froa tdilch the aquara aaapla duet Is ccnstruetad. 
Strips of type 204 C.E. quarts sheet ara Inserted in tha squ«tra 
hola In tha auaeaptor batwaan the graphite and the aaapla aatarlal*. 
This quarts Insert provides a surface of low eatalytle activity for 
atoas that dlffuaa through tha cracks along the edges of tha aaapla 
■abarial. as wall as reducing eontaalnatlon of the saaq^la by tha 
graphite. Four to ais layars of 0. 001" thick tantalua foil are 
wrapped around tha outside of tha graphite auaeaptor in order to 
laprova thn heating afflclaney. A Skw. Lapel High Frequency 
X^uction Itaaclng Unit. Hodal Mo. T*S»3>KC la used to heat tha susceptor 

Tha square quarts tubing has 1.00 ca long Inner aides and O.IS ca 
thick walls 

• I'vpa 204 G.B. Quarts shaat is raportad to withstand taaperaturas up 
tc ISllIK for periods of tine up to 2 aonths. For y aaasuraaants on 
tha LTIf IFF aatarial tha quarts sheet was not used. 






c 


10 










Mrf« utlPg «n optlcAl pytciMCtr which 
ih* iMctflt w*li with cht Aid «#f a •uvahla guarti pritw, which 
withdrawn dwrlng racvahtnaiton ccafftciant Maauraaanta. 

Tha walla of tha raactor ara cooltd by tha uaa of vatar jaekaca 
which aurround tho aaalUr piacoe of cylindrical quarta cubing of 
faetlma I and lit. in aialtlcn. tha py ran cylinder which aurrounda 
tha graphlta avOcoptor la water cuolad. 

eaa flowa arc rajtulatcd by calibrated critical velocity oriflcoa, 
which ara capable of yielding accurate gaa flew rataa for argon, 
•ilrogea, oaygan, nitric oalda and nitrogen dioxide. Tha critical 
valoclty orifice weed to oajaure tha hOj flow rata la aubaarged In a 
coaatant cawparature water bat i in order to reduce arrora cauaad by the 
Caaporatura dapandant aqutlibriua. Argon (99. 995t), 

•lygtn (99. bS), ttltregan t99.W), nitric oxlda (99. 8X) and alcrogan 
diaaida (99.1Z) art uaad without furthat purlfleattoa. 

praaaura in tha raactor la aeaaurad both upaeraaa and down- 
qtraaca hy a alngla, differential oll^ nantanacar coonaetad to tha 
bllratlon obaarvatlon alda ama by a 3-way high vacuua stopcock. 

*.1.2 tnparlnantal Tuchrtoua a 

Oiygaa and nitrogen atou* concant rat Iona ara Matured uaing tha 
wwll knowti NO and KOj chanilunlnaacant titration roactlono £,Kaufaan 
(19J0) ond (1901), Clyno and fhruth (1962) and Kiatlakowaky and 
tolpl (I9i7) }. NO or .'lOj can ba addad althor upatraan or downotroam 
and tha Intanatty of tho f.ubaaquant chtnllualnooctnco la Maaurad 
wring an Uti Modal No. 9)51 photowuUlpllar*. Tho orrot In atoa 
coacontratlon aaaauraMnte cauead by tha conblnatlon of tfnita titration 

• Tho photoniltlpllor 1» equipped with a 5300 A Intatfaranca flltar 
that haa a bandwidth ot 10 A . 

* hagaaaad, Norton OC 705 Olffuelon fmp Oil la uaad for tho MnoMtor 
flwld 
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ftMim r«t«« «A4 tn« ltc;i««4 Abtfinracioo tiM wm ainiaitad by 
aaklfti fb« dlfiartt* b«c«« 4 «n th« tttratloa Inlcc and ch« ebMrvacton 
•Ida 4 r» 10 (•> Vnd«r naraat «Rp*rla«nc«l coadteioM ch* citratton 
t*«<ff** t« 4t l«Mf tM €«aal«u 4t thla di«c>me«. Th« prastnea of 
•f •baarvaiiM aid# aria pam< «•• af tha tietratlan raactlea whan cha 
•(•a (»«'.«§( ratu>«> la aRtaptlanally low or cha flow valoeiey ia 
aifraooty M|h, 

Ntirof«a/eiiyit«n atoa ataturaa ara preduead by cicraclng upacraas of 
lac It a fraiclon of cha tntctal atcrotan atea :^oncanc radon with NO. 
ia chic a atoaa ara acttl cUratad dewnacraaa with NO via cha 

aat'f faat raacdon. 

II ♦ NO * «j ♦ 0 

wtch cha •ppa«r#^i?a <»f ch« •raaatah'yallaw ebaatlwinaaaBca , produced 

t# fba ractsff?* 

0 a to * NOj a hv 

lidCc»iiai f-a# citradoA •adpolnt. A aoabac of iavaaeigaeora 
liaailJla <ia*a| ana €ly»a and Thrwah (1942)] hava ahows cha 

iMaoaiff «f cht« chfiniiMawtnaaeaaca, 1. obaya eha axpraaaioo 

1 • 1^(0) (NO) (2.1-1) 

wh ra (0). and (NO)* ara cha 0 aca« and aierte aaida cooraac rat iona 
tMpaedvaly, and ia a propercionalicy cooacaac <N>ich dapaada wpoa 
pas caaparacure and cha |aeaacry «f <Im aKpariaaacal apparacua. 

Oaiag 2g. 21.-1. 1^ can ba dacacBlaad la cha abiaaca of addicional 0 
•coaa frea the alopa of a plot of I va. (NO), aiaea thia alopa aguala 
2«(0). whara (0)^ "(N), cha aicrogaa acoa coRcantratlca'. »d»ieh waa 
dacarainad from tha titration andpoinc. ta Cha atatura of H and 0 
ateaa tha problaa of ‘aaaauring (0). cha oxygaa acoa eoofiaatration ia 
aeaplieateJ bacauaa ( 0 )^ ia no lonfar aawal to (N) but it a atia of (0) 
and (N). Howavar, if ia dacarainad ia tha abtaaco of addad oxygan, 
chan ( 0 ) can ba dataiwinad froa tba alopa of 1 va. (80) aiaco. 

a Tha HO eoncantracien uaad in thia aawacion ia ogwal to cha addod 
NO eoneantratlen lainua cha initial acoa eoncant radon (N)^. 


iSoT “ * (2.1-2) 

HtMurcatae of eh* mirfae* tcapcratur* «f eh* sea^li' aatArl*! 
li Md* Mtag «a opeic«l pjrroMtcr trtilch view* eh* naceor t*«ll wieh 
eh* eld e£ a aovabl* quares prise, which is wi.ehdrawa during r*ece- 
biaeeioa eo*tflel*ne eeasureaeaes. Th* eraaspareney'^ of eh* epeical 
•yseaa was dseeteised by craparing eh* observed eeaperaeur* of * 
heaeed filaaenc when eh* pyroeeeer was viewing eh* fiiaeene direeely 
sad when it was sighted through th* ewe prises and eh* quarts window. The 
teesl transparency of eh* ei^e surfece* was found to be 0.75. 
value, along With th* eaissivity of eh* ea^le^wer* used to calculae* 
eh* true wall tsaperaeur*. 


Transparency is d*fi«^d as th* ratio of th* intensity of eh* transaieeed 
Ughe to that of th* incident light. 


I. 
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Pftta Reduction Procedurt 



B*r« «e outline our approach to the Inference of accurnre values 
^ of Y txtm ocasurenents of atom flow rates In and out of the reactor 
doscrlbed In Section 2.1 of this report [and Section 3.3 of 

** I Orlng to the reactor design procedure ej^lolted In Section 3.2 
of the latter report It proved sufficient to develop two "levels" of 
^roxlfflstlon to y. the second of which constitutes our best estlaate 
of the true reconblnatlon coefficient uhder the atom pressure-surface 
te^rature conditions prevailing In the reactor. 

dm initial estimate of y» hereafter wrltten^y,has beeh obtained 

V tl» J 

Baking allowance fort a) Increasing linear gas velocity associated 
with heat transfer and pressure drop within the reactor (shown schematlcaUy 
f« Pig. 2,2-1), b) atom recombination on the cooled walls of the quarts 
SmcIoh (1) and outlet Section (III) # 

Por^values of y In exeeaa of about lO"^ an improved value of y 
•rlttea y, was estimated by allowing for smaU corrections associated 
With transverse concentration and temperature gradients, sad 
atom loss, idille simultaneously li^rovlng upon corrections e) and b) 
dbeva. Nh have done this by Integrating quasl-one dimensional conservation 
oquatlons from reactor Inlet to exit, until the measured overaU atom 
eoBverslon is repre^ueed. For this pun^ose. the level 1 approximation 
to Y Is used to start the Iterative calctOatloa-^ the square duct reactor 
U treated as an equivalent or "effective" diameter clrcuUr duct, and 
ivallable correlations for heat and mass transfer coefficients appropriate 
to this geometry are used. As mentioned above, due to out reactor design 
proMdure.the value of % l. expected to be of the same order of magaltude as 
Y sad sufficiently accurate for subsequent eatlmatet of aerodynamic 
keating. Further details coacenlng each of these procedures are given ueie«,. 
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2,2.1 "Uvl 1*' InfTenca og_Y 

B«r« «• tfpiy • tiBpl* ofM^lamalotMl «tea b«l<aet c^ttatlon to 
^.* 1 . of 8«ctloM I, II «id III •hoim in Plgat* 2.1-1* n*8l««ttof tranivtrt* 
•tea eonc«ntr*tlon gr«dl«nt». Sine* oo «ppf«eUble a*Ul diffusion «t 
•entlea 1 or • vm prosoat during the oi^rlMnt, tho ovornll oton con- 

Turolon uy be expressed ss I - ^*** **®“ 

freetlon^ ( A • 0 or H), Bllalnstlng the uaknoun atom asss frectlons et 
Cha Inlat and outlet of Section II (fabricated of the aaterlal of Interest) , 
«a readily find: ^ 


la (^) 

• ■ “d.a 


( 2 ^ + (X^ ) 


^ “ef f > 


( 2 . 2 - 1 ) 


III 


where Z la the aean thermal speed of the Incident atoms, and the O’e are 
appropriately averaged linear velocities over the indicated reactor 
sections. This equation can be solved directly for 5 y using estlnates 

of Yj *od Yiii* 


In this vay «e find 
1 


1 (o) 




( 2 . 2 - 2 ) 


I 


where 




V‘>. 


n 


“a 1 
la (^) 

“A.e 


( 2 . 2 -^) 


aad the quantity A^y , defined by 




*eff 


11 


eff 


111 


11 


la seen to correct 1®* «>»• offsets of atoa recoablnatlon oo the water-cooled 

•nice ValU of Sections 1 sad 111. Values of 1. and d^jj for each duet section 
are determined by the reactor geometry, wheraaa the corresponding average 


♦ This ratio », /«, , li reUted to the aeasured chemllumlneacent Intensity ratio 

via correctl^dS f^f^^total density changes through the reactor and the te^erature 
Hi^endenee of the chemiluminescent "rate constants”. The latter correction 
being Important for experiments on 0-atoa recombination. 


IS 


— ■ iijixiBiioia ilcZ jmMJ QCau^l “ 






valnM of c and U e«» b« datatmined fron gaa taaparatura and ptaaaara 
■aaauraaanta, cooplad to a teowladge of tba total raaetor maaa flow rate. 
Valnaa of Ym obtalnad from “blank” axparlaenta In an 

“all foarta” modification of our duct reactor. 


2.2.2 teval 2 Inference of Y 


Owing to the poaaible importance of transverse concentration 

gradients, it was decided to systematically l^rove upon the value y 

from £q. 2.2-2. To do this the actual duct reactor is considered 
to be equivalent to that of a cylinder with an equivalent local diameter 
g s 4 * (Area) /(Perimeter). Conservation of atom mass, energy and 
falllL numentum then lead wo the following set of coupled ordinary 
differential equations governing the"bulk“or “mixing c»v average' 
values of «^(*) and TU) (written , respectively, u^ ,,(s) and (a) land the 
local static pressure p(s)} 



dtaactor Sections I and III) (2.2-5a) 


(Paaetor Section II) (2.2-5b) 





>.b 







(2.2-4) 


I 



(2.2-7) 
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tem In Eq« (2.2«>S) necouats for tho atom Idas doa to racoAblnatlon 
at tha wall. Only In reactor Section 11 are transverse concentration 
gradients expected to be ia^ortant. Therefore the bulk conposition, «. . 
can ba used to foa^ute the heterogeneous recoftiblnacion in the y of 
Sections 1 and 111. The second tem in Equaticil (2.2<>S) seemistt for atoa 
loss via gas'phase atonic reeoaibination. 

In the energy equation (2,2*6) the first terai accounts for the 
fourier conduction energy flux at tha reactor wall. Tha second tem, 
ajfhbo lic a l l y written Q^* , accounts for the increase in gas tea^erature 

dua to the heat relaased via gas-phase reeoaibination. Ovlng to our choice 
Of reactor operating conditions, this tem is usually negligible. 

Equation (2,2-7) is a diffarential fom of tha Hagen-Poiseuille law 
giving the pressure drop in a circular duct %»ith flow £ see, eg. 

Bird, Stewart and Ughtfoot (1963)]. The function f^ is to 

eorreet for the influence of transverse nonunifomity in gas aiixtum 
viscosity. 

A sore detailed atateaient of the individual taraM in Equations 
^•^*“■5 2.2—7) ia given in Appendix A2.2 The effeeta accounted for in 

deriving and solving these aquations can be suanwtlsed as foUowst 

El Siamltaneous presence of several chenical species in Che reactor. 

Tha themal and transport properties of the prevailing gas Mixture 
(atoBS, parent aoleeules, and argon carricir) have been calculated 
in accord with Ch^aanrEnskog theory, using a Lennard-Jones 12{6 
Interaetlea potential (Hirshf elder, Curtiss and Bird (1994)]. 

B2 Transverse diffusion of atoiDS (Rosner (1964d)]. 

B3 BeterogeneottS atoa recoi^inacioo on the cooled inlet and outlet 
walls of tha reactor (Sections X and III). 

/ B4 Atoa less and aoleeule production due to atoa recoabination 

BS Transverse heit fluxes associated with the prevailing differenca 
hacween tha wall and bulk gas teaperatura 

B6 Ptessura drop in each section of tha reactor 

B7 Beat ralaased due to hoaogenaous atoa racoabiaation 


IB 


Xa yimt of our vaaetor design end operating conditions, offsets such 
aa axial atoa diffusion and sxisl hast eonduetlon were not e:<peetad to 
be ^reeiable end have not been included in the present data reduction 
procedure. Transverse diffusion of stonie species and heat twve been 
Included by using local values of the sinpleOt*' Nusselt transfer 
coefficient tBird, Stewart and Ughtfoot (19d3), Bosner (1964d)]. One 
of the assuoed wall-tesq>eratura profiles is shown in Pig. (2.2-1 ). 

Arguments of the Nusselt number for heat transfer were based on the down- 
atrean distances (s - , (s - and (a - c^) since heat fluxes era 

expected to be significantly altered at stations and s^, where 

the thermal boundary conditions change abn^tly. Appreciable atom loss 
by wall recMdilnation starts at ztatitm'z. Iherefore the Nusselt number 

II 

for mass-transfer is based on s - s^. 

Using to guide our initial estinate, • the cotpled 
^rstem of nonlinear, first order ordinary differential equations is 
integrated in the forward s direction using a Sunge-Kutta numerical 
procedure* . The integration is started with the experimentally measured 
Saloas of and p at the inlet of the reactor. 

This quasl-one dimensional formulation of our reactor transport 
problem includes Seider^Tste-typa functiontfaaa, eg, K^s (1966)] correcting 
constant property transport laws for property nonuniformities io that i- 

the computed tes^erature and pressure of the gas at the exit of the 
reactor in the absence of atomic species are in agreement -with our measured 
values. 

After each Integration the values of m. ^(experin) and u, ^(computed) are compared 
and a new value of y i* chosen using an intnrpolation procedure equivalent 
to "the falsa position method**. Thus, the value im determined from 


^thist corresponding to a wall tesperature (or coi^osition) distribution 
tiVen by the Heaviside function [Kays (1966)], 

t This and other numerical procedures used herein are discussed, tor 
esaaple,in Hildebrand (19S6). 


It 






pi 


omr previous ssciasts sad our first sstinsts y “ feUevst 


a (rf 1) ♦ 


r2.(t), 


( 2 . 2 - 8 ) 


shsrs s - <«a,s> wp dsrUsr, ffequently 

2^(1) ^ liji, itsrstlon scheae is tsrsilnatsd ufasn s value > is found 

so th at it provides satisfactory agreemsntCwithln 1 percent between 

) and (<Da ^^s 
^kp^ coa^ A,e exp 


A digital conpxter program has hetn developed to carry otit the 
nunerical integrations and interpolations involved in this level 2 
Inrocedure for determining y • This program also Includes std>routines 
idtidi provide the species and mixture specific heat*, tiiermal conductivity 
end viscosity, as well as the species binary ( and pseudo*binaxy) diffusion 
coefficients. Subroutines for confuting the prevailing NUsselt transfer 

coefficient, and heats of formation for 0 and N atoms are also included. 

^ *2 
For test surfaces with y in the approximate rangs y < 3 * W the 

diffexwnces betwem ^y and ^ y coStnited from the same data are not 

excessive and ^y can be considered to be an accurate value Of the true, 

prevailing aton recombination coefficimxt. However, ^y *val\»s exceeding 

about 5 X 10*^ of necessity include tqppxeciable corrections for transverse 

atom canoentration gradients and are intrinsically sensitive to the accurac/ 

of our convective diffesion calculations in the duct reactor. This turned out 

to be especially tnte for the high tesperature 0 and N data on the RPP* 

material, hence the absolute accuracy of our reported recombination coefficients 

for hi^ teoperatuie RPP degenerates much above about 1250K*. In practice, however, 

. this ie act a serious lleltatlon of the teehalqua* since It indicates that 


4> Ua are indebted to C.P. ti (Lockheed Slaetronieo, Houston) for supplying 
curve fit routines for individusl spoeiss host espseitioo end ontholpios, 

e At this tsnpsrsturs the *y/H is shout 2.5. *y vsluss shove shout 
5 a I0*i srs aoro then ons-ordsr of asgnitudo obevs ^ . 

♦ Aecursto y-vsIuss for y > I0“i could porhsps be obtslnod nt very low oten 
prossurss using neleeulsr been techniques but prscticsl interest in astsrinls 
with such high rseenbinstion coefficients even st low prossuros is slight. 
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for roHucty applleotloa this ueorlal frould ••••otially behave aa a 
porfect atom reeodblnation catalyae (see Seetloa S.2). Indeed, for 
yvslues In this range no eentinuua reactor or are»jet experiment 
io peeelble which would avoid large diffuelon eorreetione (Rosner 
(1972) J. 

. • \ 

Wfore 2. 2*1 ehowa a typical aet of predicted g(^)* p(r) 

profUea through the duct flotr reactor for an 0-aton/RSl-eoating run with 
argon carrier gaa at • 1440K. Note that idtlle the largeat portion of 
the 0-eton loee (cf. o>^ g(*)) occure in reactor aeetlon 11, in general 
a ooc taction for atwa loseee in the partially water cooled ^uarta^ eectione 
(1, ni) Buat aleo be included. Xhia particular run ia one for which the 
reactor fractional converalon (of 0 to O 2 ) la large and hence is not 
aultable for inferences of the p^ independence of Yq. assunwd in calculating 
t ♦ Also shorn in Fig. 2.2«1 are the aaall gee pressure drop^ and net bulk 
temperature rise in traversing the entire reactor (Sections 1, 11, and 111). 
Further details concerning these calculations are given in Appendix 2.2. 

Oaing this procedure and a reasonable estiaate for (uaually larger than 

Y) the r^resentative IBM 360/47 cooputer tisM for a Y**li*fotence was about 
30 see. 


♦ Y^ valuee for quarts are diacussed in Section 2.3.1, which follows 

* In deteninlng the function f^ (cf . Eq. (2.2-7) use is aide of 
the fact that the exit preseure p^, ia routinely neasured (see 
Appendix A2.2) 







t 




2*3 Atoa teewibinaeton Coefficient Itewlta fQt Quart*. Wtelfl. BSI n4 RPP 
2.1.1 Atan lteconbia«tion on Quartg 

To •ccwrf ly •valuac* y tort •«aplo TPS aaterials it i« 

MCCMaty to MOMS ehft ostoat of «tea roeoaiblMtlon la Soetloas 
X «b4 III of our duet flow roaetor. Which arc aadc of quarts . 

Por ' tMw roauoa y waa suMtsurcd for 0 aad M atoaa oa quarts. 


♦ 



Boob teaycrsturc oxygca atcB ru ^oablaatioa eocffieicats oa 
quarts dctcmiacd uaiag our duet flow reactor arc givea ia Table 
2.3.«>1. The valuca raage from 1.18 x 10~^ to 10.7 x lO”^, with aa 
averege value of A.O x lO”^. Aa showa 1 a Table 2.1**2 thia average 
value is ia agreeaieat with the values reported by Diekeas aad 
Sutcliffe (1964) aad Kroagelb aad Straadberg (1959). and Greaves 
' sad Lianett (1958) and (1959) . but is 10 tines larger 

the values reported by ReCker et_al. (1961) and BerkowitsoMattock 
(1969). Although the value of Yq are reproducible for expertinents 
conducted oa a specific diqr. the large varietioa la y^ sttasured on different 
di^ nade it necessucy to detemine Yq quarts before and after the perfomance 
of secoabinetioa experitaenes on aaaple TPS neterials. The average 
of the two Yq'* weed ia the deterainatiea of coefficieats on the 
sanple naterial. 

It was possible to neasure the fractional conversion of 0 
stons through the reactor by three different techniques. In the 
first aethed. denoted ia Table 2.5>3 by (HO*^. the reUtive oaygen 
Stan eoaceatrction change waa aeaaured by adding a snail snouat of 
MO uestrean of the aaaqtle aad neaswriag the chenilunlaaaceat intensity 
both upstreaa aad dowastrean. This nethod yielded values for Yq 

whldi were coasisttatly lower than the values detemintd by the 
' second technique, in which MO Was added dowastrean ef the sanple lor 
tbs dowastrean chenilunineceeat iateaalty beesarenents. dsooted by 


^ The gwarts waa cleaned by using the glassoiileaaiag iiolution described 
la tosebury (1965) , with a final riato ef ]iX H? solution. 
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Table 2.3-2 


Qqrgan Atoa Raeooblnatlon Coafficlinta on Quartz at Roob Taoperatura 


Rafaranea 

V 

Craavaa an4 Unnatt (1958) 

7.K-6) 

Graavoa and Llnnatt (1959) 

1.6(-4) 

Mlekana and Suteliffa (196A) 

3.3(-4) 

Krangalb and Strandbarg (1959) 

S.2(-4) 

Baekar at al» (1961) 

0.6(-4) 

Barkowltz-Kaetuck (1969) 

0.4(-6) 

Thla «ork 

4.0C-4) 


I 

i 


i 


i 


& 





Xabltt 


2 

Oiyfeii Atoa Etcos^ination Coefficients ( Yq) on Quarts at Boon Tesperature 


Data 

*Y0(NO“) 

SpCHO'*) 


3/5/73 

0.56(-4)t 

1.18(-4) 


3/9/73 

2.36(-4) 

4.04(-4) 

3.39(-4) 

4.52C-4) 


5/7/73 

6.40(-4) 

10.3 (-4) 
10.7 (-4) 

9.67 (-4) 
9. 46 (-4) 

6/6/73 

1.94(-4) 

2.07(-4) 

3.65C-4) 

3*39(-4) 

3.42(-4) 

6/11/73 

l.SK-4) 

2.44(-4) 


6/20/73 

4.23(-4) 

5.02 (-4) 


6/21/73 

4.16(-4) 

5.26(-4) 


6/22/73 

4.35(-4) 

5.39(-4) 



f O.S6(-«) I 0.S6 a 10** 
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Tabu 


OiO^). NO 2 titration of 0 atoaa wan tha third aachod uaad, 

2*3»2 ahova that tha raaulca uaing tha NO, titration taehniqua ara 

^ d 

in agraaoant vlth tha eathod In which NO la addad dovnatraaa, (NO ). 

Tha ayataaatlc dlaerapancf botwaan tha two KO-ehwailualaascant 
tachalquaa at naar«rooa taaparatura la probably dua to NO polaonlng 
tha valla of tha raaetor ao that tg la lowarad. Bocauaa of the affect 
of NO on Yg, only Vg valuaa which ware datarmlnad by adding NO 
dewnatraaa ware uaad to avaluata y fat the TFS aatariala Inaarted 
la Section 11. 

lacauaa only a portion of Saetlona 1 and 111 la water cooled, and 
la order to avaluata high taeparatura atoa racembinatlon eoefflelenta 
fr* TPS aatariala aeuntad la Section Il*lt waeoacaaaary to aatloata 
Yg on quarts at alevatad tatBparaturaa (ana Section 2.2). A quarts 
’Smll" reactor waa fitted Into Section 11 and ncasurad In the usual 
aanner. To dacarBlna tha quarts wall taaparatura via optical 
pyroaatry the outalda of tha quarts tuba was blackened with a fuel 
rich flaaa. Cnfortunataly, upon reactot dlaasaanbly It waa found 
that tha blackening aacarial had raactf^d away. Therefore, the 
**ebaarvad** teaperature :«as that of the outer graphite auaceptor and 
not that of tha quarts wall. Tha reaulta of this axperlBent ara 
shown in Fig. 2.3-1, along with tha high temperature data of Greaves 
and llnnatt (19S9) and Berkewita-Mattuek (1969). Aaauaing that our 
obearvad taaparaturaa ara higher then the true wall tenperatura. It 
is probable that our high taaparatura Yg values ara in agreement 
with those of Greaves and Llnnatt (1959). Fur this reason, the high 
tdoperature Yg values of Greaves and Llnnatt for quarts ware used In 
our ^Yq date raductlon procedure (sea Section 2.2). 
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Keem tn^erature nitrogen atom recombination appears to be much 
sensitive to slight changes in thh quart! than 0 atom recombination. 

Fot tan dlffftr«nt deterninationSg Y|^ tanged between ls54 and 3e73 x 10 
mlth average value of 2.27 * 10“*. This value of Yjj ^ than the 

value of 8.0 * 10*^ r^orted by Harshall (1962) . The calculated Yjj 
on quarts at elevated temperatures ate shown in Fig. 2.3-2. It is apparent 
from our data that Yj| has a maximum value (pccuring at an apparent temperature 
of 12501^ of about 1.3 x 10~^ and then decreases rapidly to a value of 
approxlBately 6 x lO'^ at 1355K. Unfortunately, It is not possible to 
correlate these apparent teaperaturea to the true wall tes^rature, and 
therefore it is very difficult to theorise on the cause of this 
sharp drop in the value of Yg» should be noted that although eo maximum 
ms observed for Yq on quarts, the maximum apparent teo^erature reached in 
the 0 atom experiments was 1230K. The high teo^erature Yjj values reported 
by MwT shaU (1962) show a much smaller tesperature dependence than is 
indicated by our data. In addition, to a measured tes^erature of 1200K 
oo spears in hia data* . 











2.3,2 Atoa Recoaibination on Mlckel 


tM 9 *rature, oxygen atom recombination coefficients on 
mo are given In Table 2.3-4. The nickel strips used in these 
were made of Grade A nickel which had been cleaned 
by the method described by Rosebury (1969). For th«e experiments 
the m^gen ato* partial pressure was between 4 x lO end 8 x 10 
torr. 


Our room temperature results for 0 atom recombination on SiO 
are in agreement with those of Greaves and Llnnett (1958) and 
(1959)*^ but are higher than the value given by Dickens and Sutcliffe 
(1964)t, fjpon cycling the NiO saa^les there Is an apparent increase 
Vq. Sl nf v XP8 analysis on both the fresh nickel sample and the 
^eled saaple Indicated the presence of only HiO on the surface 
the Infr a v#* in Yq is probably due to a rougbealng of the surface 
upon heating. 

the trial experiments on HIO (QPR 3) , in later experiments 
no trend towards lower values of tg were observed during the initial exposure 
of the mckol surface to 0 atoms. This observation may be explained 
by the fact that XP8 results of the material that was used in the 

«xperlments indicated that its surface before 0 atom exposure 
nas a thin Isyer of NiO over Hi while In the later experiment the 
surface contained only HiO. Therefore the Initially high values 
mar be indicative of a Hi surface for which Yq ^ «*«*w*»^ 

as 2*8 X 10~^ (Oreaves and Llnnett (1938)]. 

The results obtained for the oxygen atom recooblnation on nickel 
beve a llf*”** us to check our reactor design criteria (see Section 
3*1 of QPR 1). These criteria predict that for low values of 
y( <10*^) the calculated surface reco mbin ation coefficient should 
netdiffer whether the S or the *y ••thod is used ter the calcuUtion. 

^^■■1 y IIIO..I II ■ I 

t Qteaves and Llnnett report a Yq batween^7.8 - 8.9 x 10 

while Dickens at al . report a value of 1.5 x 10 


Holwver, for hlghor valueo of y( '<.10"*), radial atom concantratlooa 
gradleiits may become elgnlficantt and the \ calcdlationa Mould 
yield e higher value for the eurfaee recombination coefflclant 
the ealculatlona« 

Table 2. 3.5 ahoue that the reactor dealgn crltdtla are Indeed 
correct. The \ values for quarts, corrected for homogeneous 
atom loos, are In good agteement with ths *y values. For the quarts 
emperlments the predicted radial cohcentratlon ratio ,le, the atom 
concentration at the wall divided by the bulk atom concentration. 

Is 0.99. For SlO, however, -the *y value Is slgnlllcantly larger 
than that predicted by S » r«dl*l «tom concentration 

ratio !• approximately 0.80. This Indicates, as predicted by 
the design criteria, that for large y values one must consider 
radial atom concantratioa gradlantse 

Ctr tf<"^y If owe data reduction procedure Is to be meaningful 
be Independent of the total gas flow rate and total 
prlsure* This Independence Is shown In Table 2.3-4 for the experiments 
on 9/U/n. in these experiments the total flow rate 
mas reduced from 728 cc.atm/mln to 357 ce.atm/mln and calculated 
*Y did not significant^ change. Varying the total pressure from 
1.90 - 1.30 tort also did not effect the calcuUted t value. High 
temperature oxygen atom recombination experiments were carried out 
cm HlO. At temperatures around lOOOK our experlmsnts Indicated that 
Y was greater than 7 x lO"*. This value of Is higher then the 
w&ue of 1.2 X 10 "* predicted by extrapolation of the results of 
DldKMS and Sutcliffa (1964) 

tte extent of these concentration gradients cepends upon the 

total pressure in the reactor. 

♦ Their data extended to temperatures of 850K. 


U 


2,3*3 Atom Recoup inatlon on my 


The neasured oa^gm atom aurfaoe recoinbiiiatioa coefficients 

on UV RPP material are glven^ in Fig* l.S-S. The data cover a tenperature 

range of 1037 to 173SK* In order to diedk if yq is independent of the 0 

atom ooncmutration tlie onrgen atom partial pressures were varied between 
•2 *2 

2 X 10 and 7 x 10 torr» and with no observable change in the measured 
value of Yq* 

Corrections to the observed wall tenperatuie measured b^ the ^ 
optical p)rraiaeter were based on a spectral eraissivit/ of RPP at 6500 A of 
0.80. This emissivity value is probably a lower limit to the tne value 
because 1) the emissivity of $iC» the major conponent in the RPP coating* 
is between 0,85 - 0.92 at 6500 A [Touloiikian and Dewitt (1972) ] and 2) 

Ubi oon&gurativo ot the reactor is sudi that Section II approaches a 
black boify condition. 

2 

Our Y data reduction proced<ire does not di^rentiate betweai 
atoms lost by recombination on the sanple surface and atoms lost by a 
reaction \dtti the surface coating. For this reason* at high tenperatures 
it is possible for the measured atom recombination coefficient to be 
influenced by the reaction probability. As can be seen in Fig. 2. 3*3* the 
Si(oi(0 atom removal probability Cq is about 10% of the measured yq at 1670K 
Owing to our definition of Cq (see Section 3.2) one can show that 
Yq |— ” ^q 7q ; thus, the true value of Yq (corrected for atom loss by 
reaction with the sid>strate) probably begins to level out at tenperatures 
mdi above 1730K (not shown). 

Fresh tSSf material has a room tenperature Yq value ranging between 
1.14 • 1.31 X 10*^. However, upon heating this material in the present of 
cqfprn tto», the room t^mut. r, to velue. ran|in, 

between l.SS - 5.60 x 10 This decrease in room tenperature yq after 
heating is acconpanied bf a change in the surface character of RPP since 
the surface of fresh RR* material consists mainly of SiC, vMle the surface 
of material heated in 0 atoms is mostly Si02 (see Section 4) tdiidi indicates 
that Si0« has a loum^* 0 atom reccnhination orobability than SiC. 


♦ If tlie 0* atom/quartz data of Berkovdtz-Mattudc (1969) were used to predict 
0*aton losses u Sections I , III this would only further raise our vq* 
inference 1^ sane 30*40 percent. However as discussed in Section 2;3, it 
appears that in this case the data of Greaves and Linnett (1959) (cf. Fig. 
2.3*l)ate k.iore appropriate. 
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TAl* 2.3*4 


OiTgcn Aeon »«*onbliiatloii Coefficient (\q) on NIO at Room Teaperatute 


Bate 

Argon* 


9^5 \ 


3/20/73 

490 

200 

2.02 

1.06C-2) 

8/14/73 

524 

204 

1.96 

1.02(*2)' 


249 

92 

1.30 

9.27(*3) 


249 

92 

1.90 

9.06(*3) 


265 

92 

1.25 

9.22(-3) 

8/15/73 

271* 

93 

1.23 

4.U(-2) 


271* 

93 

1.23 

4.1K-2) 


a Flow rate In ce.atB/nln 
1^ Bressuttt in Section II in torr 
e 1.02(*2) 8 1.02 * 10“* 

4 ' Beaetor had been qreled once to a tei^rature of 10S7K. 
e Keaetor had been cycled twice to a teaperature of 115(K. 

Table 2.3*5 

1 2 

Coaparleon of y and y_ Caloilatlona for OxyuM Atpm Itacoi^lMtlon 


on Qwarta and NIO 


Date 

8ttrfaee 

K 

*y 

^0 

3/8/73 

Qnarte 

3.47(-4)*’ 

3.39(-4) 


Qaerts 

4.30C-4) 

4.52(*4) 

3/20/73 

NIO 

7.50(-3) 

10.6 (*3) 


♦ 3.47(-4) 1 3.47 » 10** 
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O^atoa and H<>atoB rae^ination coaffielanta on tha 
tl^-W9 aatariai{0> YQ*valu«aiD,0'atom taaetloa 
probablUty»« \-valuiaj typical ajsparlaantal 
eoadltions for 0-atoa tuaat argon flow)260 ec*atn/ttla, 

0, flowt IIS ee>aca/min, upatrtaoi praaaura at rooa 
tiaHr*tora> 1.4 tort; gas flow valoelty in Baactor 
Saetloo II s 2300 ea/sie; typical exporlaental conditions 
for N«atoa runs: argots flow rats: 250 ee*ata/adn, ^ 
flow tats: 4S0 ec*ato/«in. upstraaa prassuro at rooa 
taaparature: 20 torr, ^as flow valoelty In Saaetor 
laetlon IX: 2700 ca/sat'. 





ngure 2.3-3 «l«o contaiM. our data for H-atom surface recoablnatlon 
eoefflelenta as a fuaction of 1/T for tea^araturea between 1029 and 1719K. 
yt tM" enpeilBMital uncertainty, tjj Increasea linearly with 1^. The H 
atoB partial preaaute ranged between 5.4 * 10 ^ and 3.1 x 10 tort and 
Y was found to be independent of N atom preasure. The values of the room 
tadperature Yj| ranged between 1.05 and 4.57 * 10 and, unlike the ease 
of 0 at- ftw rec<^ination, the room tej^erature value of Yjj showed no signi- 
ficant change when BPP was heated in 0 or K atone. 

Wnslly, exploratory neasurenents were nade of the apparent values 
of ^Yq nixtures of 0 and N atoms between 1153 and 

1673R. In the data reductidn procedure (cf. Section 2.2) no attea^t was 
, made to include the posslbU Influence of nitrogen-oxygen biaoleeular 

reactions ( see, eg. Section 5.3) - la. the 0-aton conversion 
, was formally used to infer and the N-aton conversion was foraaUy 

* used to infer *Yg* H + 0 mixtures were generated by dissociating a dilute 

♦ At mixture, then adding HO to convert a portion of the H-atoas to 
^toma via H + HO H^ + 0. The H atom partial pressure was varied 
tatweeb 8.8 x lO”^ and 1.2 x 10“* torr, tdiile the 0 atom partial pressure 
ranged between 6.9 x lO”^ and 1.5 x 10“* torr. The ratio of initial 0 
. tom cwicentratiae to initial H atom concentration was varied between 
0.68 and 1.2 with no apparant. affect on the measured Yq Y|j values. 

Prom a comparison between Yq measured in an O/Oj system and that measured 
in a H/0 mixture it appeared that the simultaneous presence^of H atoms had 
no significant effect on Yq« Scatter in the corresponding Yg values measured 
' in the presence of 0 atoms did not allow a quantitative comparison to be 
the values measured in the absence of 0 atoms. However, it 

^pears that and Y^j for RPP are not changed by more than about a factor 

t'f 2 when recombination takes place in a mixture of H and 0 atoms. 
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2*3.4 Atoa aeconblnation on RSI 

Til* mMurad oiQrgen «tom surfae* reeoabiiMtlon eo«ffici«ie* eu HSI 
at taaparaturas bacmait 901K^ and iA52K^ ara ahoim lo Pig. 2.3-4. Tha 0-a 
data ahova la thl* flgura rapraseae aa SSZ aa^la that waa undargotag 
thraa epelas la taoparatura. Tha opaa ayatbol* rapraaaat tneadaranaats 
•ada tdiila tha wall taiqiaratttra was iaeraatiag whlla the blackaaed 
tyabola reprasaac maasaxaMat* taken irtilla tha tai^aratttra vae dacxeaslag. 
IVo ebsaxvatloaa can be made from thl* data; 1) Yq goea a 

■ a rtauiB value of T • 1250K and 2) naaeurcoenta of Yq «ade the 

daexaaaing tao^aratura part of tha qrela ara slightly higher ( « SuZ) 
than Y(j naasurad during tha ineraasiag tes^aratura part of tha ^la. 

It is intarastiag to note that y^j Tor RSI is ^roxlaataly tha same as tha 
measured Yq iot RPP at T • llOOR. Thf* is not aa unaxpaetad result sine* 
IPS analysis has shoun that both surfaces ara essentially Si 02 * At 
bighar tseiparaturas tha SSI surface nay begin to soften* a nd result in a 
lowering of Yq* 

***■ t^aratura Y 0 values have bean naasurad in tha range 1,03 - 
4*42 X 10 . SEM results (see Section 4) indicate that RSI mtarial 

^elad to high tesqparatura has a much rougher surface than fresh material. 
However f within ai^arlmental error thio increased surface area due to 
roughnaa* does not Incraasa tha rocm temperature Yq valuesf Again it is 
interesting to note that room tanparature Yq <or SSZ and Y 0 for cycled 
RPP ara essentially identical. 
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O^om «ad N-«toa raeoBblMtlon eoafficientn on tli* SSX 
coating Mtarial. For 0-atoo datat opart syoboia are 
■easotananta taken tdilla the wall cemparature waa 
ineraaaing, eleaad symbola are aeasurenenta taken idicn 
tba wal’ toqtatatura waa dacreaalng; O » ataaeurataanta 
on the firat cycle; D ,&eaauraaiants on the aacond ^cla 
A » naaautananta on the third cycle. Typical axparinantal 
eoodltiona for 0«atoa exparlmantat argon flowi 390 ce»ata/mln 
0, flew ratal 70 ce*ata/td.n; upatraaa praaaura at roca 
tiaparaturat 1.6 torr; gaa flew velocity in reactor 
Section 111 2350 ca/aac. Typical axpdriiaental eonditiena 
for M>atoa datat argon flow ratal 302 cc*ata/ein, N. 
flow ratal 305 ce«ata/ain} upatraaa praaaura at r<H» 
taaparaturai 1.6 torr; gaa flew velocity in reactor 
Section til 2600 ca/aac 













To iaouco that the neeeored velue of Y 0 bl^ tOBqperetore le ladepeadeat 
of 0 otea eoaeeatretloat cbe 0 otoa partlol praaeuva vaa varied becwean 
O.S and 1.5 » 10 terr. At HOOK, ever tbla atom eenean'-ratlea range, 

Yq ranged between 5.47 • 5.82 x 10*^. 

figure 2 . 3-4 alee ahoin t|j reconbination 

on BSl ^peara to go through a maximum value. Onfortunataly, theae 
oxperiaenta were in the relatively narrow temperature range 1078K to 
1384K, which ia not large enough to effectively characterise the curve. 

The Yj, valuea for RSI faU alightly below the Yq valuea and aignificantly 
below the Yh values for RPP at 110(K. This difference between Yg for 
RSI and RPP may ba esplained by differencee In the RSI and RPP aurfacea 
ia the presence of nitrogen (see Section 4). 

Aa in the case of RPP, we made several exploratory experlmenta on 

apparent values of Yq Yg on RSI in the eimultaneous preaence 
of 0 and H atoms. Apparent oigrgen atom recombination coefficients in 
the presence of H atoms, from 1048K to 1412K exhibited the same shape aa 
the results for Yq in the afaenca of H, but speared to be shifted to 
to alightly lower values (cj.. factor of 2). Raaolta for nitrogen atom 
surface recombination coaffi tienta in the presence of 0 atom aa a function 
of 1/T, laera too scattered tt make detailed comparisoua, but did not 
differ from the ^Yj values shVwn in Pig.2.3-4 by more than a factor of 2. 

The Ion values of yq» Yjj (£i* 2 x 10*^) measured on RSI*coating 
at ca. lOOOK laply a negligible contribution tofce reported y-values at 
hitter terperatures from atom losses in the crada at the conurs cf the 
sqiuaTe cross*section duct. If the crack area were a perfect atom sink and 
r^resentud a constant fraction (say 1 percent) of the total wetted area 
then ( 1 ) the ipparent y could never fall below this constant lower bound, 
and (ii) a negligible error would bo introduced into any y-values reported 
above about 10'^. Thus, the high values reported for yq >nd Y}| « coated 
SPP above 1300K (see Section 2.3.3) cannot be attributed to atom loss in the 
cracks vdtere the flat WP sections meet. 
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3. MASS toss EXPERIMENTS- LEADING EDGE MATERIAL 

RMmr and Allendorf (1970 a»b) have atudled tba reaction of 
para« denae pjrrolytle allleon earblda In suileeular and atonle 
oxygen and nltrogan and 0 ^ M nlsturaa at an^laea tanperaturaa 
above 1750R. Their saanlta ahotr that the SIC renoval probabllltlaa 
la 0, H, or O 2 ara greatar than 0,1 at T > 2000K and net etrongly 
dependent on teaqieratute or preaaure. Hewevar, at lower te^erature 
the reaction probabllltlaa are atrongly tei^erature and preaaure 
dependent* Xntaroatlngly enough* ratea In 0 N alxturea were 
found to be aubatantlally below thoae In pure 0 or N. 

Theae reaulta wera Intarpreted to Indicate formation at lower 
teoperaturea of a paaaivatlng SlOj, Sl^^. or allicott-oj^trlde 
loyer* depending on the reactant gas used. Vaporisation of this layer 
at bluest tesperaturea expoaaa the SIC to direct attack by the 
reactant gaa. 

Stagnation arc jet teata on RFP at Vought Mlasllea and Space 
Co* (LTV* (1972)] ahowcd rough agreement with the above results on 
pure S— SlC(s)» Howevar* coi^arlaon of theae experlmenta contains 
elgnlf leant uneartalntlea due to extrapolation to higher pressure* 

Moreover* our EPS reaulta (see Sactlon 4.3) Indicate that small amounts 
of AljOj In tha SlC-eoatad RPP apeeinans concentrate on the aurface 
during arc jet teats, tforaovar, RPP coating density la half that 
of pyrolytic SIC* Sines this auggaats Intrinsic dlffarencea between 
the la situ RPP coating and purs S**SlC(s) we have carried out a brief 
investigation of tha reaction betwaan 0, N* and O 2 and the RPP 
by exploiting the experimental taehnlquas previously used In out laboratories 
for SlC(s). 
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3.1 T*chntott« 

The reaction of SlC*eoacad RPP with diaseciated oxygen and/or 
nitrogen gaa aixturaa ia carried out in the tranaonie vacuus flow reactor 
daacribed earlier (Roaner and Alltndorf (1967)1 which ia illustrated In 
Pig«3.1«l In this reactor, neterad argon-reactant gaa sixtures pass 
through the discharge tuba whare the 24S0 He, 120 watt sierowave discharge 
partially diaaociatea the reactant soleeules. Tha dissociated gaa mixture 

4 

eserges from the discharge tube at a linaar flow velocity of ca. 2 x 10 
cs/eec and a total pressure of 1 torr and flows ever the electrically heated 
specimen'^. Specimen heating currant is manually adjrated during reaction 
to maintain a conatant brightness temperature, observed with an 

optical pyronecer. 

The specimens are rectangular pieces of coated BPP with the carbon 
eobstrate eiqposed on one side and the SiC coating exposed on the other 
side. Initial specimen dimensions are ea. 0.1 cm thick by 0.2 cm wide x 3.8 
cm long. RPP coating and subatrate each comprise about SOI of the Initial 
sample thickness. These samples ware cut from a larger piece of coated 
RPP with a ailicon carbide saw. Reaction rates were calculacft-i from the 
change in thickness of the RPP coating alter exposure to reactant at elevated 
temperatures for a measured interval of tl^ai. Since tha RPP coeting^ubstrate 
interface was poorly defined, it was not possible to measure thickness 
changes in the direction perpendicular to the coating-substrata interface. 
Therefore recession rateii were calculated from the change in tiidth of the 
samples measured parallel to the eoaclng-substrata interface. Small 
eariatioas in the width of a specimen required that changes in width be 
meesured from lew magnificatien (20x) photemierogtaphs, to insure that the 
the initial and final widi:h measurements wars made at the same point. 

* The voltage taps in Fig.3.1-i are used for monitoring resistance of metal 
speeimena. They wece not used in experiments with RPP specimens. 

t Tha copd>lnatlon of high flow velocity and small specimen diameter prevents 
diffusion limitatictts on Che reactant arrival rate. This has been demon- 
etrated by showing flow race independence of the reaction rate at constant 
reactant partial p*:essute in studies of the Pt/F atom reaction. 


A. DISCHARGE TUBE (ALUMINA) • 
a MICROWAVE CAVITY • • 



Specltten temperature oeasurementa showed negligible temperature 
gradients along the central 0.5 cm of the specimen length. However, 
significant temperature gradleftts perpendicular to the coating-substrate 
interface were observed, because the electrical heating current passed 
miiftly through the carbon substrate.The observed temperature gradients 
were conpared with those calculated on the basis of a thermal conductivity 
of 0.016 cal/(cm.deg K-sec) U.TV(1972) , p. 2171 • total emissivlty of 
0.9I(trV,(1972), p. 2151 for the RKP coating and a small heat flow due 
to convection. It was concluded that the spectral emisslvity of the WP ^ 
not le«« than 90% that of the substrate. Using 0.9 for e(6650A) 
for the carbon substrate a value of 0.8 was deduced for the 8PP coating 
and used in data reduction. Tea^erature corrections were alao calculated 
for window reflection losses according to 

^^wr 

Where T^.and observed filament temperatures with and without the 

window. 

Smperiments were performed at 1 torr. . Nominal Oj pressurer. were O.Ol 
totr or 0.05 torr and Nj pressures were 0.5 torr. Chemiluminescent titrations 
(sea Section 2.1) showed that approximately 25% of the 0 ^ wM^dtssoclated 
and that the N atom pressure was between 1 * 10 and 3 x 10 sorr, 

Hany of the BPP mass loss specimens were examined by XPS (Section 4.1) 
and SEM f Section 4.2). 

e 

3.2 Results 

RPP mass loss results are presented in Table 3.2-1 for oxygen reactant, in 
Table 3.2-2 for oxygen-nltrOgen mixture experiments , and in Table 3.2-3 for 
nitrogen reactant. An Arrhenius diagram of the oxygen data is presented in 
Pig. 3.2-1 and of the oxygen-nitrogen mixture data in Fig. 3.2-2. 

teaction probabiUtles, e<iual to the ratio of the SiC removal flux and 
the reactant arrival flux, were calculated from the oxygdn data. An 
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T«bU 3.2-2 


81C CoatM itPP Mass Loss E^^arimratal Sasults - Baaetlon ulth 0^ N Mixtures 


( 1 ) 


b^t.Ho. 

T 

00 

. Ambimt ^ 

PP 2 ) 1 ^ 2 ) 

(10“*torr) 

Ad 

(CB> 

At 

Csec) 

Ad/.At 

(cm/sec) 


38* 

1410 

1.17 

55 

0 

1800 

0 

Dense SlO, film, sons 
^0« Is Mserved on C 
side 

37* 

1618 

1.20 

57 

3.K-3) 

1200 

2.6(-6) 

Dense SIO 2 filn 

59* 

II 

1.18 

56 

1.8(-3) 

1200 

1.5 (-6) 

** ^quenched In Argon 

60* 

1722 

0.90 

43 

3.2(-3) 

900 

3.5(-6) 

Continuous, niiten SIO. 
film^quenctu. In Argon 

41* 

ft 

1.31 

60 

3.8(-3) 

900 

4.3(-6) 

Continuous nolten SIO, 
film 

43 

It 

1.31 

60 

6.6(-3)^ 

600 

l.K-5) 

Humerous glass particles 

38* 

1826 

1.25 

37 

7.5(-3) 

720 

1.0(-5) 

Small glass particles 

44* 

It 

1.35 

60 

1.0(-2) 

600 

1.7<-5) 

w w plate 

was placed behind the 
specimen to collect the 
condensate 

45* 

V 

1.28 

60 

6.4(-3) 

600 

l.K-5) 

” , annealed at 2018K 
for 20 min. 

61* 

It 

1.15 

54.5 

5.9(-3) 

720 

8.2(-6) 

Quenched In argOn some 
glass particles on the end 

40* 

1930 

1.14 

53 

1.8(-2) 

900 

2.0(-5) 

Small glass particles 

39* 

2013 

1.39 

62 

8.6(-3) 

600 

1.4(-5) 

H W M 

62* 

H 

1,17 

53.5 

1.2(-2) 

600 

2.0<-5) 

** quendied In argon 

42* 

2088 

1.30 

60 

1.0(-2) 

600 

1.7(-5) 

Some small glass particles 


(1) All oixturas are dissociated 

(2) Olasnsional change was oiaasured after renovlng the flln 
* XF8 aaalysss were made after reaction 


T«bl* 3.2-3 

SIC Coated lUPP Mass Lose Eaperlnental Resulta. Nitrogen 


K9t.N0. I Teop 

OC) 


48* A 1826 

56* A 2013 

57* k •» 


dadltldat 
pN» Ad 

(lO'^torr) 


57 0 

54.5 3.6(-3) 

54.5 0 


300 0 

600 6.0(-6) 

600 0 




Dense product fila 

Snail tdilte particles 
ever the surface; 
loosely adherent 

Black appearance 


* ZP8 analysis uere aade after reaction 
I Urn atomic M ■ molecular 
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Arrhcnlua dlagraa of ttiose rosales lo prodentod Is Flg.3.2.3,Xt cos b« 
mon froB Cho figuro tb«c so slgsifleont dlfforenee oslota In tho roaetion 
probdbiUeloe for roaecant preaauraa batwaes 0.012 and 0.0S5 tort. Moreover^ 
partial dlaaoelatloa of tha oj^gen nolaculaa doea not algnlflcantly 
Inflnanea tha raaetlon rataa. 

Co^parlaon of tha oiqrgen data with rata aBaanraoeata on pyrolytic 
alUeoa earbida at 10**^ 0»atom praasiira (Rosaar and Allandorf (1970a)] as 
ahoim in Fig.3.2-iravaala a graatar raaetivity for tha RPF coating below 
1900K. Xnaamich aa tha data of Sosaar and Allandorf agree reasonably wall balcw 
1900K with tha n a xinum aabllnation rata of Si02 according to tha reaction 


8i02(condensed) • Si0(g) * '|02(g) 


(3.2-1) 


it is parent that tha greater rate of BP? resoval by reaction trith oiqrgen 
is doe to a aeehanisa other than aiibliaatioa of condensed Si02. Moreover, 
tha BFF raceaaion rata Increases with o^orgen preasttre, rather than 
decreasing with praasnra aa was observed for pyrolytic SIC. 

the cmparison of BPP recession rates in ojgrgen and ojgrgen-nitrogen 
■Istitrea ahows that addition of nitrogen has no influence on the rate of 
reaction below 1900R, but sedttcea the receaaion rata by a factor of 
2-4 above 2000K. This behavior ia exactly oppoaite to that observed 
for pyrolytic SiC [Sosner and Allandorf (1970b)], «dtara N-aton addition 
soppresaed tha reaction rate below 2000X but had no effect above 2CKNIK. 

figure 3,2^ illvstratas the reaults of atagnation arc Jet tests on SPP 
coating hf Fought Missilea and Space Coi^any [UV(1972)]. Tha atagnation 
pressure of tha air raactant was 0.5 psia. Coating raceaaion rates are 
presented for tha Phase X coating which was prepared by placing a snail 
anount of AI2O2 on tha BPP surface and than coating in a 702 SiC, 

301 Si pack at ca. 2000B. The phase XX coating was prapared by 
coating BPP in a 60Z SiC, 302 Si, 102 AI2O2 pack with no 4X2O2 
added to tha BPP surface. Despite tha large pressure differences 
between these are Jet teats and our studies at 10 torr pressure the 
reeessidn rates on tha Phase XX natarial differ by no sore than a factor 
of 3. Moreover, the Phase X natarial is seen to be lass reactive below 
200(K than the pyrolytic SiC (Roaner and Allandorf (1970a)] at an 0-aton 
pressure of 10*^ torr. The decreased raaetion rate for the Phase X natarial 


wyr ,(K)~' 

W CMtlng MCMtion in tcataaeipn arc J«t 
n^luMa i •* coaUnitl ♦ • **fhata 2 • eottiof* 







«w attributed (IJCV (1972)] te the short duration of thair arparloents. 

Fhasa IX natarlala ahouad a tins dspaftdanea of the raeaasioa rata with 
lower Initial rates dua to the Increase In aanpla weight caused by fom- 
atlon of a con d en sed SIO 2 layer. 

The nature of the surface after reaction Is of considerable Interest 
la the present study. At lower tesq^eratures (‘ <1700K) an adherent oxide 
fUa la formed which the measurement of changes in SIC coating 

thickness difficult. This problem was partially solved by lightly 
serving off the adherent film. Fig. 3.2-5a shows micrographs of the 
surface and edge after reaetlMi at 1618K for 4 sdnutes (Expt. No. 24A). 
Between 1700*K and 1900*K the protective ftla appears to melt. Class- 
|4 Im particles are observed on the surface after cooling. The surface 
after reaction shows "Islands” of glass-Ufce particles dispersed on 
the coating surfaca as illustrated In Fig. 3.2-5^ (Sxpt. No. 26). 

The else of the glass-like particles decreases as the temperature is 
li;ereased. At teoperatures above 1900 K neither the adherent oxide 
film nor the glass like partlclaa are observed. Samples exposed at 
2013K are Illustrated In Flg.3.2-5c (Expt. No. 18). Onreacted samples 
are illustratad In Flg.3.2-Sd« . ^ 

The above observations apply equally te sas^les reactad with mqrgen 
aolecules or partially dlsaoclatad 0^/0 mixtures. Similar observarlons 
were made for axperlments in dissociated oiqrgan-nltrogen mixture 
axc^t that the particles ware observed at the highest tai^araturas. 
Class-llke particles were also observed for the two es^eriments in 
dissociated nitrogen at 1826 and 2013K. The iurfaca of saaplea reacted in 
O 2 Above 1800K, in N 2 at 2013K. and saaples that «wara anaaaledm Ar for 
aaveral minutes abeva 2000K were black. In contrast to the lighter appearance 
of aamplas reacted under other conditions. XFS analysis showed these 
hlaek-eolored saiqilsa to have mveh higher surface carbon than did the 
lighter colored e.wiple'l. Formation of carbon probably occurs ^ the 
raaction 


8iC(s) • n(i) 4 C(s) 
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for which the o^ulUbrltn 81 pctosure Is csj^ 10*^ tort se 1826 K, Tho 
towtioB probahlUty of O2 with graphite [Rosner and Allendorf (1968)] 
lo sore than 10 tinea less than that for 0>atona above 1800 k/^ nnis, the 
oecorranee of carbon In experlnenta with O2 but not with 0«aton reactant 
la patently due to the lower efficiency of O2 noleeules in retaevlns 
carbon. Above 2290K, where the SIC deconpoaltlon preaaure exceeds lO"^^ 
tort) carbon should be found even In 10 torr of O^atoa reactant. However » 
experlnenta were not perfdmed at tesgteraturea above 2140K. Two ei^erlaenca 
0>oa. S4 and 58) In which the dissociated oi^gen reactant gas was turned 
off before cooling the aaa^le showed substantial carbon in the IPS stu^ 
but did not «9pear black. It la therefore possible that a snail anount 
of carbon fotns on the surface above 1930K even In a dissociated oigrgen 
envlronnent and la renoved by reaction with 0-atons If the aaagile la 
cooled In reactant. On the other hand, rhe carbon In these experlownts 
wgr have fomed after the morgen was turned off but before the heating 
enrrent was turned off. 

3v3 Inpllcatlons 

The RPP coating and pyrolytic SIC recesalon fate neasurenents reported 
above strcmgly suggest that at least three nechanlsns are responsible 
for BPP renoval. The first Is fomatlon of a aesH«protectlve condensed 
8IO2 l^er tdtose thickness depends upon Its rate of fomatlon and vaporisation. 
Thia nechanlsn la noat Isqiortant at lower tenperatures and higher pressures, 
idiere the v^or pressure of SlO(g) according to reaction 3,2*1. 

Is snaller than the oxygen pressure so that condensed SIO2 is fomsd. The 
second mchanisa nay occur at higher teoperatures If the oxygen pressure 
Isss than the deconpoaltlon pressure of SIC according to Eq. 3.2* . Then 
silicon Is renoved by deconpoaltlon of SIC and a carbon layer (which Inhibits 
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Sic dcconposleion) is furv^td, whoss thlekasss depends on the reeetant/esrbon 
xeeetlon probablllCy end pressure of resccsnt g«s, These first two 
wirhnni sniff occur for l^th pytolytic SiC end RPP coating* The third 

is the p^’icai loss of oxidised perticles, tdiich occurs ohly 
for BPP coatings./ This nechsnisn suggested by the observation of loosely 
adherent perticles on 8PP coating surface at tenperaturcc above 1700K 
end by the fact that BPP rScession races exceed the maximun possible 
recession vatss for the first two nechanistna* This is shown graphically in 
Wg, 3.3r?-iwhlch plots the equilibtiua decooposition vapor pressure of 
8i over SiC, and the equilibrlun vapor pressure of 810 over SIO^ at 
10** or 5,6* torr Oj pressure. Also shown is the total vapor pressure 
idiich is developed by the reaction 


8iC(s) + TSiOj (condensed) •* 3810(g) + C0(g) (3.3-1) 


TV> reason that oxidised particles nay be lost by the BPP coating but not 
by the pyrolytic 8xC is probably related to the following three observations, 
first, as shown in Pig,. 3,3-1 reaction of a protective OlOj coating with 
the SiC substrate can, in the absence of 02|develop high pressures at 
the coating - SIC interfaced Second, the BPP costing density is half that 
Cf pyrolytic SiC. Third, the BPP coatihg contains signlfltant amounts of 
Al^Oj (see Section 4) Which lowers the aelting point of Si02 from 1996 
CO 18601 (Levin, at al . (19^4)]. 


Thus, loss of Si02 from BPP coating nay be due to the force exerted 
by the vapor produced by reaction of Si02 with SiC on areas idiere the 
8102 coating covers voids in the BPP coating * The absence of this loss 
in pyrolytic SiC oxidation nay be due to the absence of voids and by the 
possibly stronger adherence of SlOj f ilna which ate free of AI 2 O 2 • 


• The ^^roxinste oxygen pressure in the stcgnhtlon arc jet 10818(1^,1972], 

♦ 8i(l) may fora at a protective SiO.(l) • SiC(s) interface at T> 2C00K 
Idiere tho equilibrim ciwistant for^tho reaction SiO(g) ♦ SlC(s) • 

2Si(l) ♦ (Dig) ex«eds 0,33, the OO/SiO pressure ratio fixed by reactiwi 
3.3-1. 
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4. 80BFACE CHASACTERXZAXKW StimiES 


4.1 1-ra.y Fhoto«l*etron Speetroacopy 

4.1.1 Technique 

Xn etdwr to ondorotand wiqr • glvao aurfac* has • n^ffidleular Y 
or Y ehangaa <m 4 Surface, one oust prd>e the details of the 
diemlstry wi d structure of the saa^le surfaces. The infomatlon needed 
is difficult to obtain, but a relatively nmt technique, X-r^ photo- 
el ec t t o" spectroscopy (XPS) or ESCA (electron spectroscopy for chwaical 
analysis) (Seigbahn, et al. (1967)1^ has broad applicability to the problem. 

The principle of the experiment Is single (see Fig. 4.*1-1). X-r^s 
usually Mg-Kc^ 2 

width, is^lnge on’ a sample and the ejected photoelectrons are energy 
analysed in a high resolution spectrometer. The nmober of electrons 
recorded versus kinetic energy constitutes the XPS (BSC4) spectrum. 

Intensity Msige which occur In the spectrum correspond directly to the 
various bound electron energy levels In the sample, and peak positions 
energy) can be used to calculate electron binding energies. 

Coavarlson of measured binding energy to tabulations of binding energies 
for the elements usually allows ready Identification of peaks. Exact 
b«n ^«i» g energies, however, depend on the charge distribution In the sample 
( 0 TrtdeM«« states) and chemical shifts In binding energy can be used to 
Identify the state of an element (la. SI from SlOj)* faak areas 

axe datermlned by the cross-section for photoead.sslon from the energy level 
la question, the concentration of the element present In the sai^le, and 
the alectron ese^ depth. In principle, areaa can be used for auantltatlye 
ffftflvsls. All elements but hydrogen can be seen by the technique. Additional 




tdi^ttc of tt>o photo-oUcWoo •9««tteoeonr 

(te^rtaottt and data anal^lo. 




iafonutlon !• •omatio®* available froa peak shape and peak apllttlns* This 
is In many detailed revlem no» in the literature (!.•*• Carlson (1972)j 

Bdreules (1972)]* 

the range of 1 KeV X«riqra In soUds Is reUtivsly long, the 
d^th of the solid which is saa^led in X-tHf photoelectron spectroscopy is 
dstensined by the inelastic aean free path^ ***• photoelefetrono 

(see Fig. 4.1-2). In principle, di^ends on the sasgile material and 
pae t re ff a »»<"•<«»«» as a function of electron kinetic energy [Quinn (1962), 

Baer et al. (1971)). Accurate values for X^as a function of material and 
electron kinetic energy are not generally avalieble but the most recent 
Bud>ers obtained for 10-1400 eV electrons scattered from densely packed 
solids range from 5 to 40A, with the average about 20A, clearly indicating 
the potenUal of this technique for the study of surfaces. Slegbehn et 
(1967) showed that the sensitivity of the technique was sufficient to observe 
Bonolsyer quantities of iodostearlc acid. In the past year a nusber of 
• addlt 1m»*1 p^ers have appeared demonstrating in more detail the utility of 
this method for surface work. Brundle and Roberts (1972) have observed Hg on 
Am et coverages as lew as 0.002 monol^ers and recorded C(ls) anl 0(ls) lines 
from gases physically adsorbed on Au at low tei^ratute. Kim and Davis (1972) 
revealed a wealth df surface Chemistry during the onidatien of W. and Had^ 
and Yates (1973) showed a chemical differentiation, on the basis of XPS 
chemical shifts, of the c and 6 states of CO adsorbed on W**. Recent work 
at Yele has shown sensitivity of the XPS technique to 0.02 monolayers of Cs on 
Ho and has clearly demonstrated that the angular dependence of spectra is an 
, important aid in accentuating and identifying spectral characteristics of the 
surface itself [Fraser, Florio, Oelgasa, and Robertson (1973))* A second 

4> Recently, two different chemical states of adsorbed oiQrgen have been found 
hf Barber et al . (1973) after enposure of the basal plane of graphite to 0 
atoms 


SI 









pt fftr ty fch* •«» «ttthoni shows the utility o£ Ar Ion elesmlng for rsnovlng 
ovsrlsysrs o£ sur£ses eontsalnatlon. Bsaovsl «£ hydrocarbon eontsidnatlon 
present on nearly all san^lss as a rasnlt o£ handling or depodltlon during 
■msummTmts at noderats vacuum) generally results In slgnl£leantly enhanced 
substrate peak intensities. Use of ion bombardment on multicomponent sasq^leS 

have some uncertainties because some elements tiay be removed perferentlally » 
bet it be Valuable in differentiating saa^lea whlch-bave co»g>osltlon 
gradients In depth. A more conple.:e literature review Is given In QPR>1. 

A particularly Is^ortant problem that arises la application of this 
technique to insulators Is that of ebar^ug. this occurs when the conductivity 
is mot suffldently high to allow a realty simply of electrons frem ground tc 
fflT the. positive holes generated by the pho<»emlsslon. Since charging 
results In an ^^parent shift of a spectral Une^ it must be measured or 

in order to record true ehemleal shifts. Early In this wotk It 
was found that by use of small samples* somstlnes covered by a high trans~ 
tungsten grid* spectra of insulatorii could be obtained on both the 
Freser ct spectrometqr and the coumarclal Hewlett Packard Spectrometer 
made avellable to us by the Chemistry Dept., but charging could not be 
eliminated. In the last two months of this program* the Hewlett Packard 
Device was fitted with an electron flood gun %hlch neutralised poeltlve 
eurfeee charge from above and yielded more reltabla. ^ 

To siawarlse* EPS Is a powerful tool for the study of surfaces, 
ahlfts can give the ehemleal state of the sample surface and 
pnig( nteas a quantitative enalysls. The angular dependence of the spectnta 
and spectral changes after argon Ion cleAnlng nay be used to differentiate 
surface free bulk species. All of these aspects of the technique have 
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b««a Applied to etwHee of the TPS oetexlele* but en^heeie hee> been 
pieced on elementel aopJ.yeie of the surfeee liqrere. The primety goele 
are the eorreletion sf/ with eurfeee cos^oeitlon end investlgetlon of the 
atebillty of surfeee eon^ositlon as e function of various treatnents. 

d»l»2 Results and Discussion of XPS Experlaents 

A* Callbgatlon Cotapounds . Although* as reported daQPit»i, * nuober of 
XPS studies on compounds of Interest in this work have appeared in the 
literature » needed intensity ratios ufaere often not reported and uncertain 
charging effects make binding energies unreliable* Since nearly all 
ej^eriments were done on the Hewlett Packard spectrometer (made available 
by a grant to the Chemistry Department by the Rational Science Foundation 
(6P » 36553)] calibration data were also obtained on that machine. The 
compounds, primarily obtained from ROC/RXC^were analysed as received. MuUite 
SSiOj) and aluminum ailicide (Al$i) were studied to obtain the relative 
photoeleetron cross section for silicon va. aluminum* Silicon carbide (SiC), 
silicon dioxide (S102), silicon nitride (Sl 2 N^)^and aiUcott oxynitride (Sl^j)* 
yielded the binding energy difference between the Si(2p) peak and the oj^gen, 
carbon or nitrogen la lines. Except for SiC and Si02j>owder confounds were, 
dusted on doublesided scotch tape mounted on the specimen holder* 
of the tape background, a coa^arison of the intensities of carbon or oj^gen 
with silicon is not meaningful for such samples and hence not reported. The 
results of EPS analyses of the calibration coo^ounda are listed in Table 4.1-1. 

The Table reiterates that the surface purity of materials is difficult 
to control. Hullita and quarts gave clean spectra with identical Si(2p) - 0(ls) 

^ Research Organic/Inorganic Chemical Co. , Sun Valley, Calif. 

®®'*>fkaay of !ir. H. E. Haahbum, Horton Coaq>any, Rorceater, Mass. 
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••pcratlons. Tha allleon carbide aaoples (Matheeon) showed a small 
asuMmt of oxygen bet a single Sl(2p) line. The C(ls)/Sl(2p) area ratio 
of 1 was taken as representative of SIC. The SIO 2 ~ SIC separation 
was eonflmed by 3.0 eV splitting ndasured for the Sl(2p) line froh a 
plq^leal mixture of SIC and quarts. A plasmon loss llne*at 23 eV from 
the parent peak was slgnlflenatly larger for SIC than SIO 2 end provided a 
second, more qualitative differentiation of the two confounds. 

Data for 3^pN2 are consistent with those the other oxldlted SI 
eot^ounds and no evidence of surface heterogeneity appeared. This was 
not the ease for SljN^. A splitting In the Sl(2p) line Indicated presence 
of SIO 2 or S^ 2 * Because of the uncertainty of the curve resolution, 
clear dlfferentlon of 3^2 possible at this time. Since 

the parameters for B containing confounds are between those for SIC and 
SIO 2 , differentiation of a mixture of all coa^ounds on the basis of 
chemical shift would require computer fitting of data. 

The mulUte data provides an A1^2p)/Sl(2p) area ratio of 1'.32 which 
r^resents a relative atomic cross>sectlon ratio of 0.44 If electron escape 
depths for the two peaks are assumed Identical. This Is the value used 
to estimate A1 content of TPS surfaces. Binding energies for the AlSl 
surface show a mixture of AI 2 O 2 , SIO 2 and Sl« but no unoxldlsed Al. Tims, 

It ^pearo chat the oxidised surface of this conponent undergoes phase 
separations. 

Xc should be noted that even with uae of the flood gun absolute binding 
energies may very by t 0.3 bV due to charging. Thus peak soparatlons are 
the most reliable energy parameters. A number of uaceatrellable experimental 

variables make absolute peak Intensities unreliable and thus only peak 

$ 

Intensity ratios are reported* 

V'" ' ' ' ' ■ ‘ ■ ■ ■ ■ ' “ “ 

A plasmon loss line is due to the discrete energy loss of photoelectrons 
collective excitation as they leave the solid. 
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B. BSI Ceatlnit (Lockheed 0042) 

Fresh: The fresh Lockheed 0042 eoecing Is Coming 7740 borosillcace glsss with 

saell saounts of silicon carbide si enittance agent. XPS analysis of Che fresh 
■aterial indicated only silica. Mo silicon carbide or boron «ere observed. 


h 


( 


I 
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Are Jet Tested: A number of are Jet tested Lockheed RSI coatings «ere 

received and examined by XPS. Mhile the surfaces consisted mainly of silica, 
siA of the thirteen sauries also contained AI 2 OJ as a contaminant. Conditions 
of are Jet testing and Al(2p)/Si(2p) peak height ratios are listed in Table 4.1>2. 
An estimate of the Al/Si atom ratio may be obtained by dividing the area ratios 
in Table 4.1-2 by 0.44. In general, for samples containing alumina the amount 
of alu min a present on the surface increased with incteasing surface temperature, 
and iiwreased exposure time, but note the exception of one specimen, %dierc a 
hi^ concentration of alumina was observed at a low surface tesperature. Although 
Al(2p), Al(2s) bindi^'g energies are nearly the sane as those of the Oi(3p), 

<ha(3s), differentiation is clear in the Cu(2p2^2» region of the specCrw". 

In Table 4.1-2 assignoent of contaminant peateto alvaaina^is firm, but the origin 
of the contamiiMtion is unknown. 


One sample designated UiSC-LI-30-1800. obtained from the MASA-AMES Research 
Center, was known to be eontazsinated with copper (Goldstein 1973). XPS analysis 
of this sample clearly showed copper. Horeovet, the structure of satellite lines 
associated with Cu( 2 p 2^2 indicated that moat of the ccpper present in 

Che sample was in the form of Cu^. 


Y-Msasurement Samples: XPS analysis of samples, exposed to O 2 at ca. 1270R 

in y-reactor, showed only Si 02 and there was no change in surface dumistry 
before and after reaction. SSI Samples exposed to 0 ^ M atom mixture or ca.l 490K 
ehowed the presence of nitrogen incorporation (Mls)/Si(2p) • 0.05) besides Si02. 
The presence of nitrogen nay ba due to Si^M^, Si20l^er dissolved nitrogen. 

C. RPF Coatins 


fresh : The surface of fresh RPP Coating contained maiidy SiC with some silica 

and alumina. The alumina content of the surface is characterised by the Al(2p)/Si(2p)^^^ 

peak height retie as listed in Teble 4.1-3. 


* Mote: cannot distinguish alumina from aluminosilicate. Oxidised ig 

designated AI 2 O 2 for convenience. 
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Aljp/SijpBatlo In Fresh RPP Coating 


Specimen 

Al(2p)>Si(2p)^^^^ 

K130-26 

0.1, 0.04 

M149-3 

0.12 

M171-7 

0.15 

K170-HT 

0.1 


Il« average value of 0.1 for the Al(2p)/Si(2p)^^^ ratio of 
ihe fresh RPP coating will be used for eoorarison with speeinens after 
various treatments. 

High Temperature Oxidised and Nitrldwt! Specimens Prom Mass Loss ExDer««»nC<? t 
In the earlier etages of this project, the specimens were quenched from 
mass loss test temperature to room teaqterature in the reactant gas stream. 
Iiater this procedure was modified so that the reactant gas stream was 
replaced with an argon stream at the end of reaction the aamplee 
were quenched in the argon stream. 

Bgpoeure to Dissociated Oxvaen t The XPS reeults of the specimens 
after reaction with partially dissociated oxygen at temperatures from 
1410*K to 1930*K are sumamrised in Table 4.1-4. C(ls) peak heights 
for free carbon were obtained directly from the free carbon line when it 
was well resolved or by subtracting from the total C(ls> peak the 
ameunt of carbon that was locked up as SiC (assuming that the cross 
section for C. and Si are the same; see Section 4.1-24), 

The sea^les quenched in ergon or in dissocisted o^rgen from 
felatively low temperature ( < 1620*K) exhibited similar surface chemistry. 
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VtmiMt t» •priidcled «o to oiiaodas. 


Tlw sanple surface eensiatad nninly of SIO2 with aluaina coneantraCions 
nearly the aaae sa chat of freeh oaceriai. 

The surface chenistry of ssoplea quenched frou higher ceopcracures 
depen>iid on whether they were quenched in argon or la dissociated 
eagrgen* The surface of a sasp}': that was quenched in argon after 
reaction at 1910*K contained a substantial aioount of free carbon on 
the surface. Minor anounts of SiC «nre also present. The surfaces of 
aaaples quenched in dissociated oxygen, however, consiated of a nixture 
of SiC and Si02 and contained very little free carbon. The concentration 
of alumina bn the surface was very small in aaaples quenched from hi<th 
teaperature and did not depend upon the method of queuchitg. 

The dissociative vaporisation of SIC (SiC(c) Si(g) C(e), end 
Si02 (8102(1) -*■ SiO(g) * j 02(g) are plotted in Figure 3.3"i. At 
1930K the vapor pressure of Si(g) is substantial (10*^ Corr). Hence 
during reaction at high temperature and low pressure the surface is 
likely to be bare of any protective oxide film. This is in accordance 
with the results reported by Rosner and Allendorf (Rosner 1970). Ue 
have found that at this temperature SiC tends to lose silicon and form 
a earbon rich layer when heated in argon. Thus, the observed high 
eoncentration of earbon of the saaples quenched in argon is takem 
as due to the dissociative vaporisation of SIC (a)-. When the samples 
are quenched in dissociated o^^gen they can undergo partial oxidation 
as the temperature decreases and form a stable SIO2 film. One would 
then expect that surfaces quenched in 0 should consist of SiC and 
8102 at room tenperatures. Our RFS results are in accordance with 
this hypothesis. The oxidation probability of earbon is also high 
> 0.2) in atomic oxygen (Rosner and Allsndorf(1968)labove lOOOK so 
very little free carbon is left after quenching in dlsseeiated esygen. 
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Expostitc to iJndissoclated Oisyg^n Molecules t Tha XPS tasults 
{or ©2 axparloants ara ausBaariaad in Tab la Tha aurfaca of ^.ha 

aampla <juenched in atgon after reaction at 1930*K conaiatad nainly of 
carbon and SiC* This reault ie aimilar to that after reaction with 
dleaociated oxygen* The apectra of aaitplaa quenched in oxygen were too 
weak to allow quantitative interpretation* At 1722^ K, the aurface 
conaiated of SiC* SIO 2 . Minor anouttta of free carbon were also 
obaerved* Tha Ourfacea of aaiiq^lea after reaction at 1930*K, 2013*K 
ahOw a aubatantial anount of free carbon* Although in Expt* 16, part 
of free carbon obaerved may be asaociated with tha gold backing, the 
raaulta indicate that the oxidation of carbon in oxygen molecules is 
not aa fast as in atomic oxygen* This is again in accord with tha 
findings of Itosner and Allendorf (1968)* They report that the oxidation 
probability of graphite is at least an order of magnitude smaller in 
noiecular oxygen compared to osqrgen 4itoms. 

Exposure to Dissociated and Undissociated Nitrogen t XPS results 
for these experiments are shown in Table 4*1*^ • The aurface of the 
Sanple reacted with undisaociated nitrogen at 2013 (quenched in 
argon) consisted of carbon and minor amounts of silicon* No nitfogen 
was observed* The binding energy value of peak and a smaller 
value of 0(La>Si^^ suggest that the silicon present ia probably in the 
form of SiC* The absence of any silicon nitride indicates either that 
there ia no reaction between silicon carbide and molecular nitrogen or 
that any silicon nitride formed vaporised during quenching* Rosner 
and Alldndorf (1970) report that the reaction of Sir with molecular 
hitrogen fa negligibly slow* 

Exposure to dissociated nitrogen at 1826*K (and cooled in dissociated 

nitrogen) led to a significant incorporation of nitrogen in the surface* 

are 


Although the binding energy differences between Sig^^, S^sigN^’^^SJ^N 2 
very small, the high value of N(ls)/Si(2p) and the small value of C(Js) 


X • ' V \x 


SiC 


« Our XPS data also reveal that atomic nitrogen is effective In removing 
the free carbon formed t^on SiC tlietmal decon^osition (see the free 
C ratio for runs 43, S6; cf. rm 54). this is consistent with- 
ttS fiffling of Rosner and Allendorf (1970a) that N atans react 
efficiently with SIC, but not efficiently with pure graphite . 
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Table 4.1-6 


XP8 HaaM ltra of Hasa Iota Spaelneaa Reaecion with Nitrogen 


Al«_ H.- Ol, 

Expt. No. Teap. pNj Xl» gnj slip 

K (Tofr) (sec) 


Remarks 


The following speeimanwas reacted with ondissoclated nitrogen and cooled In argon 
57 2013 0.55 600 0.5 0 • 100 1.0 


Silicon la 
probably In 
the form of 
SIC 


The following specimens were reacted Vlth dissociated nlnngeu 
48 1826 0.57 300 0.24 2.3 1.7 6A 


56 2013 0.55 600 


1.16 


13.8 


1.7 


Cooled In dissoci- 
ated nitrogen, 
tiaior amount of 
alHcon Is In the 
form of 81^. t 
S^ONj 

Cooled in argon 


Indicate that noat of the allleon obaervad waa In the fan of Si^^^ or 
(approxtoataly 75Z), It ia not poaalble to dlffarantlata betueen 
the nitride and ojQmitrida. 

Pnaetion with diaaoclatad nitrogen at £a; 2OO0*tC produced a laaaar 
aaount of nitrogen in the aorfaca. Thera waa alao sidwtantlal Ineraaaa 
in the free carbon. The email amount of nitrogen can be aacribed to 
incraaaad volatility of allleon nltrldea at the higher temperature. Since 
the saiqtle was quenched in argon, formation of nitrides at louer temperatures 
was prevented but aome free carbon was generated. 

Bmposure to Dlsaoelated Oxvaea - Hltroeen Mixture? The XPS results 
for these samples are summarized In Table 4.1-7* The results are comparable 
to those after reaction In dissociated oiqrgen except for Che presence of 
nitrogen Incorporated In the surface In certain cases. Beaction with 
0 9 mixture up to 1620*R produced an essentially silica surface with no 

nitrogen. This behavior was Independent of the method of que n ching and 
indicated that oxidation la more favorable than nltrldation at tesq>eratures 
below 1620*K 


At teaqperatures above 1620*R, the observed surface chemistry depended 
on the method of quenching. After argon quendilng the surfaces of 
specimens reacted with the £ 'b M mixture at tesveratures 1720 - 1820*K 
eoneisted of silicon carbide, nitrides or mqrnltrlde. Ho SIO 2 was observed. 
In one speclamn (Expt. Ho. 61) a signlficsot increase in alumina was observed. 
After 2000*K only free carbon and small amounts of SIC were present. 

The surfaces of samples quonehed In reactsnt gss mixtures after reaction 
AC temperatures above 1620*K, consisted of SIC, SIO 2 and various amounts of 
incorporated nitrogen. Here that sample S38 showed only S102 and no nitrogen 
TWO other sasq^les reacted under Siniler conditions failed to confirm this 


ieolated behavior. 


An attempt was made to collect condensed vapor on a Ta plate downstream 
from tha specimen. 1?S analysis showed that the condensate was mainly 


silica. 


I 






« 


til* ZPS rcsttles obtained vlth oltro&en • oxygen adxtares are 
eoneietenCr There 1« evidence for nitrogen Incorporation 1a the 
•orface at tesqparaturea above 1720K« At taaperatures above I820K» 
the reanlta auggeet appreciable loss of nitrides or oxynitrides by 
dissociation 3Si(C) + or oxidation (Si^^ + 

30j SSlOj + fKj) • specinens quenched frow high tenperature 

in the reactant eixtnret the Inusxporatlon of nitrogen may occur at 
lower tenperature. The silicon oxidation behavior Is similar to 
Chat In dissociated oxygen. The results are not precise enovgh to 
differentiate SI 2 ON 2 from SIC or Sl^N^) 


h 


Arc Jet Tested SPP Samples 


The surface chemistry of three arc jet tested samples showed S 


wide variation In spite of similar arc jet test conditions' ' * The 
««vrffee of staple M130-25 consisted mainly of alumina with saiall aaiounts 
of 8132' Tht sutraccs of tha ether two specimens showed equal amounts 
of silica and Al 2 d 2 ' 'he cenceotratlon of alumina was hi^tor than that ' 
of freah SPP matarial by a factor of 4. 


Spaclmen 


Surface 

Temp 


Avg* Stream Enthalpy 
BlU/lb 


Qrele Al. 


»tl30>25 

Wld>ll-1 

«18LE60>1 










Surface Concantracion of Aluntoa «a a gunetion of Treatment: Aa 
ahoim in Table 4.1»3, the Al(2{»)/Si(2p) peak height ratio waa about 
6*1 for fresh BPP coating. Beaction with oxygen and 0 N nixture 
at teaperatures 1S20>1820K in the aasa load reactor did not diange this 
ratio appreciably. However, after Y^OMSurenenta at 1820K with N £ , 
the ratio increased Iqr a factor of 4. Beaction with N also increased 
thje ratio to 0.24 at 1820K In nasa loan reaction and 0.S2 at 1720K 
in the y-s^asurement reactor. Plaaaa arc Jet tMta in air at 1900IL 
alao produced a aurfaca rich in aluaioa. ' 

Higher teoperature (above 1820K) generally reaulted in a very aaall 
value Al(2p)/8i(2p). At low temperature of 1410*K, again a email value 
was obaarved (Sample #36, Table 4.1«7) 

Youngblood (1972) reported that the majority of alumina ia reatricted 
to the firat 20|tm from the aorface, and concentration at the surface ia. higher 
than in the interior. Thus, removal of thia aurfaca liyer would result 
in a very small surface concentration alumina^ as observed in mass loss 
apecimens after. high temperature treatment and aubatantial surface 
recession. Treatment with N produced a rather adherent film, and the 
preferential ev^oration of silicon can account for the higher value for 
Al(2p)7Si(2p) ratio. At lower temperature the evaporation of silicon 
and the surface recession are small, and hence the Al(2p)/Si(2p) ratio 
ia the same aa the fresh coating. If contamination of aluminum ia ruled 
mt itt are jet experineota^ths resulting increase in Al(2p)/Si(2p) should 
be due to preferential .loss of Si. 

It follows from the above diaeuasiott that the presence of alum in a 
on the surface m^ be an indication of an adherent product film and a 
small aurfaca recession. Aa exception to this isplieation was found in 
MS saaple at a low tamperature of 1410K ^diare aa adhareat film, aad a 
Al(2p)/8i(2p) ratio of 0.1 ware expected. A rathar low Al(2p)/Si(2p) 
value of 0.02 was found in this case. This could be due to engulfing of 
alumina by 8102 (8p*gr 8iC • 3.22| Sp'gr of 8102 * 
less of the surface l^er during handling but cannot be resolved without 
further investigation. 
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fimnpiaat XPS analyses «ere guide on sanyles after reaction 
vlth 0»|^aadO<fSlntbe <y>reaetor. The results ere suaggarised is 
Table 4.1-B. The reaetlai with 0 produced a surface cheoistry slntlar to that 
observed In tp oss loss specloiehs. The surface consisted of SiOj with sone free carbon 
and the fresh Al(2p)/Si(2p) ratio, b^osure to N also related in a 
aurfaea consisting of SiC . Si^K^ or S^2 5 rather hi|^ anount 

of Qiym*"* (Al(2p)/Si(2p) • A.52). nds is again consistent with mass 
loss specimens. N d- 0 treatment gave similar resulte* 

Sample spectra of XPS results on a specimen after reaction witJii 
H 0 at 1673*K in y-reactor is shown in Fig. 4.1-3a. Spectra of * 
specimen after reaction with 0 at 1722*K in mass loss reactor is shown 
in Fig. 4.1-3b. The figures indicate that the N(ls) and Al(2p) peaks 
are considerably higher after exposure to H d* 0 mixture. The Sl(2p) peak 
in 4.1»3b consists of two peaks (4E • 2.4 eV) corresponding to SiC and 
SiOj, The location of the single Si(2p) peak in Fig. 4.1-3a suggest that 
It is either SiC, SijN^ or S^j (see Section 4.1.2A) and definitely not 
SlOj. The C(ls) line in both figures is split show^ both free carbon 
and SiC. The high binding energy peak corresponds to free carbon and low 
energy one to SiC. Mote that the intensities of ®^SiC *** nearly 

the same. The 0(ls) peaks are net spUt but their intensities are about 
ten times those of the silicon peaks 

The figures also illustrate the fallibility of using nbsolute intenaitiait 
as a measure of the amount of an element in the specimen when the eaperlmentdl 
conditions are not controlled rigidly to preserve cleanliness. 

The Fig. 4.1-3b was obtained with a new x-ray anode, and Pig. 4.1-3a was 
taken about fifteen days later. Note that the intensities major peaks have 
been reduced by about SOX in 4.1-3a. This general lowering of intensity 
is presuaed to be dda in this ease to a lower x-ray flux. 
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P. SlclMil } Hick«l sanplM wn mcunlytei by »8 bsfere and after y 
■eaeuraaents. ilia spectra ehouad that the surfaces of Initial nickel 
sables were NiO or MiO with a ainor aaount of Hi netal. After recon- 
studies up to 1P70*R, the surface consisted of mly NiO. 

The is^lication of this result is tbatiss expected, y ateasurenents were 
dou'^ suiinly on an NiO surface ^ and the cleaning process did not remove 
the o x* do filau Kim and Pavia <1972) report that an evaporated nickel 
film oxidised to Ni20^ in air in fifteen minutes. Hence if y Values oh 
pure nickel are required, then the nickel netal should be formed in situ 
either by reduction with hydrogen at high temperature, or by evaporating 
nickel in vacuum. 




! . The co n c l ue iQoe drawn from, the data presented in Section 4.1.2 are 

i 

•unmarised briefly beldur 

( ) l) Nitrogen is incorporated into the KPP surface after ei^osure to 

N e tiw— at temperatures from 1600— 1900*K. The amount of nitrogen 
! • or the surface decreases as the tes^erature is increased from 

I • 1900*K to 2000*K. No nitrogen is taken op in N2« at 2000*K. Thus 

I XPS mtff provide a qualitative test for the presence of N atoms in 

a reactant gas stream. 

2) la tlia tee^erature region 1400*K < T < 1600*K Si on the WP surface 
is present as 8102. 

2) At te^raturea about 1700*K an integral 8102 protective coating 
is net maintained on kPP under the conditions of the mass less 
experiments. Beatinft ItPP about 1800*R in Ar yields a great excess 
of carbon on the surface. A carbon excess Is also seen after 

to 1900*K in O.^, as a result of the lower reaction probability 
for O2 vs^ £ in oxidation of carbon. 


4) be et of A1 on the surface after mass less experiments on HP? at 
T > 1700*R indicates substantial sarface recescion and non-adherent 
surface film. High A1 content of arc jet tested HPP samples m^ 
formation of e more adherent protective film at the hl|^ 
oxygen pressures of the »rc jet experiment. 





I 


5) All Y tneasureMiits in RPF nnterials hava been done an aurfaeea 
eontainlng aluminum. 

6) Balf of the arc jet tested BSX sauries received eere contaminated 
with Al. Such contamination of arc jet tested SPP aamples cannot 
be ruled out but enbancemeht of Al surface eobeentration by 8i 
ew^ration is possible. 

7) The surface of the nickel used f®t Y calibration runs was SiO. 

The presence of aluminum on BPP surfaces suggests that the effect of this 
eosponent on y should be studied independently. Stability of the surface 
film on BPF «t the pressure used in the mass loss experiments appears 
poor and is aided only slightly by the presence of M atoms. The effect 
of reactant pressure as well as surface tes^erature appeara to be 
isportant. Future tests of BPP stability and establishment of criteria 
fov vehicle refuse can be aided by XPS. 
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4.2.1 fcholaue 


th* physical nocphelegy e£ the surface has a signifiesaC ioflusaea ea 
thh reaetiea kinetics * prinarily through the extent of the surface available 
to the reactants (Interface erea) and through the ease of access of the 
reactant to the surface (pore sise di'.tributlon) . Moreover^ in aenoplanar 
surfaces involved in a gas*solid reaction, there nay be multiple collisions 
of the teactant (gas) with the surface, thereby increasing the "apparent" 
reaction probability (Sosner. (1972)1. It is also possible that the physical 
nature of the surface aaqr change in the course of the reaction, thereby 
affecting the reaction probability. Thus, in the study of gas-solid raaetions 
the physical structure of the solid surface should be defined. 

At prSsent. a coaplete characteriaatibn of physical structure or the 
"roughness" of the surface, especially of inhomogeneous surfaces, can net 
be made. However, scanning electron microscopy provides a tool by which 
one can obtain morphological details by means of high resolution pictures 
with good depth of focus and minlnun sample preparation [Drew (1968). Kurr 
(1970>J 

Xc scanning electron microscopy a high energy electron beam (10-20KeV) Is 
swept across the surface of the sample. Low energy secondary electrons emerge 
from the solid as a result of atomie excitations. The energy of these 
electrons as a general ^ule is less chan SO eV. and cUacacterised by a 
around 10-20 eV. The secondary electron yield depends upon the 
incident beam energy, surface chemistry, density of surface sites and more 
iaportantly ea the surface morphology because of the angls the incident 
beam makes with any particular site. Secondary electrons emerging from the 
surface are collected, asplifiad. synchronised, and presented on a video 
display. During the manning, the changes in surface morphology reault 
in changes in secondary electron current and this provides an intensity 
eentrast in the CRT display. The resulting image tii-. > obtained appears 
three dimensional because of the secondary electron cutrent Contrast and 
by virtue of large depth of field assosiated with tha small sise of the 
ineident beam and small aperture angles ea^loyed in the electron optics. 
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tiM •u* of proparotloa of tho ooDplo (enlp • thin coating (SOOA) 
of, gold lo necootary to prevent charging), and large depth of focua 
obtainable nokea the scanning electron aicroacopy auitable for the 
obaervation of aurfacea of TPS matariala. Even though complete 
ebiiraetarixatlon of the roughneaa of. the surface cannot be made by 
acmntng electron microscopy, broad changeO in the surface morphology can 
be correlated with the reaction probability. 

4.2.2 Baaults of Scanning Electron Mictoscotv EagariTOnts 

The aurfacao of TPS materials were observed by SEU in the as received 
state and after eaposura at high temparatura to 0^, O 2 , N 2 and N 0 
in the atom raconbi’nation ratctor or in the mass loss reactor. Plasma arc 
jet tested samples were slso examined. Although many of the 
details in the micrographs can not *be described fully due to inadequate 

• ..S* 

terminology, a brief numatry of the observations iS described. , 

A. BSl Coating (I^ekheed 0042) 

fresh and Ion Bombarded : The surface of the freah material was very 
smooth with little detail. Argon ion bombardment (580 eV) , however 
produced a low density of pinholes. The hole siee ranged from 0.5 pm 
to about 10 pm. Bia surface was depressed around the holes. 

Exposure to Oxygeo Environnent (Y-measurement samplea): Beating the BSl 

to HOOK in an oxygen atom aercsphare produced a amooth but wavy surface 
with cratara of various sisas (up to 50 pm), as shown in Pig. 4.2-1. 

Hidher temperature treatment produced a somewhat more pronounced wavy aurfaca 
but with a lower density of craters. The craters appear to ba due to 
escape of gases from the bulk in the form of bubbles. 

Are Jet Tasted Samples: Samples arc jet tasted at HOOK produced a aurfaca 
simiUt to the one described above. A bubble that was frosan is shown in 
Pig. 4.2-2. The bubble density decreased after exposure to 10 cycles. Bighar 
ta^ratura tasting (1600K) produced wary rough cauUflowar-lika surface. 
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B. BPP CoatiBK 

freeh t The KPP coating w«* made by sllieonlelng a woven graphite aiAatrate. 
.Carbon fibers <aboat 1 un) were bundled in about 1mm bundles and woven in a 
eriss-eross manner. Uhile the woven structure was clearly visible in the 
micrographs ( the surface of the fresh coating was relatively smooth. Cracks 
of the order of 0.01 mm wide were also observed. The surface of the coating 
Was broken in places where the bundles cross each other. Fig. 4.2-3 
Shows the surface of fresh BFP costing. 

Hiaher Temperature Exposure to Oxygen. Nitrogen Atoms and Molecules: Scanning 

electron micrographs were obtained after orposura to Oj* ^ 21 1618, 

1826 and 2013K. A sasple exposed to N at 1826K was also examined. 

Beaetion with 0, O 2 at 1618K produced a loosely adherent film on the 
iurface. This film had a tendenqr to fall off «dien subjected to mecha ni ca l 
shocks . The surface of the film was relatively smooth and flal^ in structure. 
The substrate underneath the coating appeared to be similar to the fresh 
material. An adherent film and the substraU are shown in Fig. 4.2-4. 

Ej^osure to 0 or O 2 above 1720K appeared to have melted the protective 
film. After cooling shiny glass like particles were seen. In the lower 
limit of this temperature region (1720-1930*K) .they formed bridges and hence 
they were relatively continuous. In the upper limit only small isolated 
ialands were observed. The film thus formed was extremely fragile and 
usually fell off during handling. For this reason, scanning electron 
micrographs of glass-like particles are not available. However, photo 
micrographs taken soon after reaction provided the necessary observation. 

At 1720K, probably due to low viscosity, the molten Isgrer geared to 
be susceptible to aerodynamic ahear. Fig. 4.2-S illustrates this, idiere 
molten liters were froaen in the sides of saaples. 

Scanning electron micrographs of the substrates after exposure to 0, 

O 2 at 1820R showed a very smooth surface. Hide cracks along and across 
the specimen ware also observed. At high magnification, as lihewa 
in Fig. 4.2-6, one can observe small spherical particles. Many of them 
luBpsd together. Biq^osure to M at'vis at 1826K produced a dense looking 
surfsce. Surface cracks were fewer in number. Fig. 4,2-8 illustrates 
this for coaparisen purposes. 


Exposure to eixtute of E end £ atoms appeared' to produce a more 
Adherent film. Examination of a aample after expoenre to H ♦ 0 of 182«K 
produced an appearance almlUr to that of a aample expoeed to SL, Oj at 

1618K. 

temperature exposure at 20X3K to oxygen produced a eurface 
clear of any product film. The surfaces looked etched and cradeed In 
noBtroua places. Deep pita of various shapes were also observed. At very 
high magnification the surface use full of holes of the order of 0.3 pm 
ae eho*m in Pig. A.2-7. N + 0 mixtures at this temperAture appeared to 
leave a thin» adherent spongy film on the surface. 

These observations indicate that the behavior of the protective film 
can be classified into three different regions from its physical morphology. 

The low temperature region (below 1720K) produces an adherent film (even 
though susceptible to mechanical shocks especially towards the higher 
temperature limit) and the surface appearance la similar to that of fresh 
coating. At moderate temperatures (1720-1920K) the film melts and is 
susceptible to aerodynamic shear at the testing temperature. On cooling, the^ 
film la extremely susceptible to handling. At high temperatures (above 1920*K) 
generally no product film is observed and the substrate Is fuU of mlcroholda. 
Ensure fo nitrogen atoms produces a denser and weU adherent product below 
1920E. Behavior of the surface layer In mixtures of 0 and H is between that 
of pure 0 or K. A fairly adherent film is observed at moderate temperatures, 
and the high tesperature erosion is not as severe as in 

Arc Jet Tested EPPt Surfaces of BPP coating after exposure to e plasma arc 
jet around 1900K were observed by SEM. Beeulte were someidiet different 
ditferent samples even though the test conditions were similar. The 
eurface of specimen (M 130-25 M131) was highly rough end showed a many-layered 
Open structure. In places where these layers had been abraded, the surface 
wu granular In structure. This sas^^* showed high A1 surface content in 
IPS maasureaents. The surfaces of two other specimens (W18tE60-l, W18-11-1) 
were smooth out wavy. The materials appeared to be abraded along the direction 
of the fibers. Some wide cracks were also observed In these samples and this 
may be due to handling In our laboratory (it was neeeseery to break the specimen 
in small places for EPS analysis) . It should be noted that cracks were also 
nbserved after mass loss experiments where mechanical shocks were absent. 
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4,2*3 Ccmelualon* «nd Inpltcatlong 


The pcescaee of babbles ea the K8X Oockheed 0042) costing after 
heating to 1300K soggeste e significant intake of gases or a gas 
generating occhenism in the biOk. Further investigation of this 
is needed. Higher te^eretores C1W(K) produce vexy 
tough surfaces. 


The protective oicide fila fozeied on BPP coating after reaction 
with 0 at 1600K in the mass loss reactor is not adherent and provides 
glttle protection from further oxidation. The oxide film melts at 
t.4gw temperature (1820K) and may be subject to aero^mamic shear. 

At very hig <« to^erature (2000R) the surface of RFF after oxidation or 
nitridation is very rough. 


Based on the results of Section 4, both XP8 and SEM techniques 
smy be useful for testing surface conditions after e fli^t in order 
to decide on the replacement of TPS coatings. 
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s. AEScnnatAMXc heaizmg of Bn^sHsmic tSLtoi vehxcus 


Hftthod of Ff dlcttng Radiation Eotilllbrtttm Surfg^^^TiMHp gratiii^^ 
tor Candidate IhTiaal Protection Svsfn Material a 

W» h«v« devolopod • ols^lo proeoduro for ptodietfng' ourfaco 
to^raturoo during ra>«atxy at rapraaentatlva points on^tha spaca 
shnttla orbltar (ag. nosa stagnatlon-^oint, wing leading edge 
and lower fuselage) for the candidate IPS materials, -ttw»iMd<n£ 
those studied in this program. This procedure, outlined below, 
should also prove useful in the future as new coatings «»ed y 
measurements beccsne available, since it r^idly provides a 
quantitative measure of the benefits to be achieved in flight via 
reduced local atom recombination rates. Using this for a 

material with any YoCT„), Yj,(V» “d for an 

orbiter with any prescribed reHsntry trajectory (on the altitude- 
flight velocity plane) the instantaneous surface tesperature at 
which the outgoing thermal radiation is in balance with the 
prevailing aerodynamic heat flux dan be predicted at critical 
points on the Orbiter vehicle. Basically, for surface 
with an insignificant "view” of other Orbiter surface elements 
the quasi-steady radiation equilibrium temperature is obtained 
by a numerical solutiM of the nonlinear equationt 

«(T^ * ®^w^ • - qU <V (5.1-1) 

*^ore ^ (T^ is the prevailing aerodynamic heat flux to the surface 
element under investigation, and e is the Stefan-Boltzmaan cons ta nt, 
the approach we have adopted to ealculate ^ 

distinct participating physiocbeid.eal phenomena in a rational 
, leads te rapidly evaluated formulae essential for engineering 

design purposes. As will be seen, where necessary, the method is 
"calibrated" via numerical solutions to the nonequiUbrium shock 
layer-boundary layer problem reported in the literature. 

* here d(T^is the total hemispheric eaittaace of the material >iu4 er 
the conditions prevailing during re-entry 
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Our bMle assumptions and Che dealnanc effects taken into account 
nxe Che .following 

a. Stagnation point (or line) heat transfer la coaprieed of 
a (Fourier conduction) and chemical (recoBd>lnation) 

contribution* the latter being esciiaable for conditiona 
of Orblter re-entry by negleetihg three-body ••gaa phase 
atOB recombination (cf. eg* Sooner (1963)]* 

b* The atom recombination eontribuclons due to 0 and H are 

treated independently since* in general* differing 

amounts of 0 and S atoms will be generated in the shock 
layer* depending oft geometry and flight conditions 
Ccf. eg. Kang (1970* 1972)* Blottner (1969)* LI (1973) ). 

c. Vhlle hig h Keynolds number boundary layer (®L) theory provides 
a useful first approximation to -qJJ * the density ratio-shock 
R^fiiolda number product ^./p,) * **,3 ^ email enough under 
OTndi tiane of peak orblter beat flux to necessitate the 

o o^ 

introduction' of a correction factor (-%)gl, ejected 

to be not very different from unity (ef. eg. Cheng (1963)* 
under Space Shuttle Orblter conditions. 

d. Owing to inadequate ©2 end residence time in the low density 
Sh ock li^er* the H and 0-atom coftcentratlons attained at 

Che effective outer edge of the wall boundary layer (?»ee Fig. 5.1-1) 
in general* 'fall below that corresponding to local thermodynamic 
equilibrium (LTE) at port-shock adiabatic stagnation conditions 
(ef. eg. Chung (1961), Tong (1965)* Park (1964)* Inger (1966)* 

S> n g (1970, 1972) 1. This influences the partitioning of 
between conduction and atom recombination by Increasing the former 

St the expense ef the latter. 

e. At the prevailing reactant preeeures end temperetures 
M aad/er 0-atom less by c hem ica l eeSbiaatioo with 

'vhe surface (eg. to produce (810(g)* C0(g)* Sl^^(c) etc) 
lt» negligible compared with surface-catalysed atom recom- 
bination 

^ Also* should it be necessary in the future tb aeeujmt for surface- 

catalysed K0(g) production* or homogeneous bimoleeular reactions (see Ceetion 
S.3.2) Information on both at<d Wq will be required. 
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To evoluato o) 9 loie the eetreUtlon recoomended by Roener 

(1963), which, for out rre«enc purpoeee, can be receet In the following 


foKtte 


<^IL “ ®*h\ 


Ahj II +E 1 


(5.1-2) 


bM tlM rel«lraiit heat transfer coefficient io: 

•'-"•‘‘‘’b. •(rira)(-^) -K"-) ' “•* 

for e 3 or 2-dlBenelonel etagnatlon point, 9 being the prevailing velocity 
gradient at the outer edge of the boundary layar. Since Ah^ le the **frozen 
anthalpy difference acroee Che boundary layer, the tense 9^^ (1*0 ,N) 
ai^lleltly eid>ody the aton dlffuelon-recooMnatlon contributions. Thus, 
in the absence of gee phase aton reeoed)lnation, we wrlte^ (Roener (1963) ]t 


'1 1 


• (1 - 0,M) 


idiere 


• <p.» • st^)^ . a.,) ° ‘ 


s (u^) 


,0.6 . "**chen. 1. nan 


(5.1-6) 


it is convenient to introduce two functions of shock layer Dankohler 
nuafter, ^ defined by 

'«».l * ‘t..'*!...., (V-0 ,m) 

\ 

♦ Our notation is largely that of Roener (1963). R/M^^ is the specific gas 
constant and he^ Is the lewis nuaber based on the pseudo-bitary diffusion 
eecffielent 

^ Rare we assuns that is not so large as to cause ^ 

eonparable to n. „ (i • O.M) 


This vlll allow US to take into account Incomplete shock layer dissociation 
(item i above), expected to be especially important for estimating the 
M>atom contribution to . Values of are readily calculated from 

Bq. 5.1»6 with Fp^ 1 and the values of given in available tables - 

eg. lewis and Burgess (196b). As discussed below, values of Fp^ ^ are 
eoavuted in a separate subroutine from comlatiOn formulae eos^acible 
with specific shock l<Qrer computet i.ons (cf. eg. Chung (1961) Park (1964), 
Tong (196S), Xttger (1966). Chung, Holt and Liu (1968), Kang (1970), 

Blottner (1969) and 11 (1973)]. The values of Pp^ ^ not only explicitly 
determine the'K^, but they appear isplicltly in the evaluation of Ah^, 

Which is shown below to exceed (6h|)^^ (the value of Ah^ that would have 
prevailed had complete equilibrium been achieved at adiabatic post^normal 
Shock stagnation conditions ( see Fig. 5.1-1) ). 

Since con^lete post-shock equilibrium air conditions have been 
conveniently tabulated by Lewis and Burgess (1965) at specific altitude- 
velocity coi^les (Z,F ) by reading in these data .‘nd using a simple t%N> 
dimensional (Z,V ) interpolation, we have developed a computer program 
which finds T^ using the above formulation for a vehicle passing through 
any point on the altitude (Z) flight velocity (V ) plane. Thus, radiation 
equilibrium tesyerature calculations are now possible > orbiter 

v^iiele trajectory. Of course the correspoading ten^eratures for very 
active or totally Inactive atom recombination catalysts of any 
omittance can also be rapidly obtained, to determine the margin available 
for future materials Improvements via reviuetions in Y^(T^)* 


Us adept the convention that T^ is the reference tes^erature in apportioning 
chimtcal and thermal contributions to the gas mixture enthalpy. Thus 
^ • 0 and is based upon heats of formation evaluated at T^ 

(see, eg. Keener (1972) and Bartlett and Cross (1969)], 
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mi£X* the procedut* !• IXliietreted here for tho fotwotd stagnstlon 
rogion of tho fuoelogo (nose) and wing it con bo nodiflod via tho use of 
an off active valvt of g to provide ootinatoa at other critical locatiooo 
on the orbiter vehicle (eg» at the base of the fuselage)* Thus* at high 
■w gia of attack the fuselage will take on some of the aerodynamic charac- 
terlstica of a suept ''cylinder”. This is^lies that a point on the underside 
of the fuselage along the line of bilateral symmetry of the aircraft 
hut upetream of the wing might be considered to be on the two dimensional 
stagnation lino of a "cylinder” with an effective nose radius obtainable 
from the fuselage cross-section and exposed to a normal velocity 0 sin o. 

Further development end exploitation of these methods was beyond the scope 
of the present program, however, it is useful to consider the following 
d e te n e of the msthod to provide the basis for intelligent modifications 
ind e xtem l o n e in the future. Illustrative calculations and discussions 
of their itiylioeti oBe are given in Section 5.2 for the BPF leading edge/nose 
cap material. Extensions of our mthods to provide rational predictions for 

downstream ESI panels will be considered in the future. 

* For a 3-dlmeiisional, symmetrical stagnation point (blunt nose) we use 

the modified Newtonian approximation for the Inviseid velocity gradient, . 
■g,^pearlng in Eq. (5.1-2). [holson and Curtiss (1959)1, 

S - ( <P,/a,) I 2 - (s>,) ly'* 0/»B 
.tor a 2-dlmensional unswept etagnation line the corresponding value of 
g is CBayes and Frobstein ( 1^59 ) ) t 

g • t 3(S>,) 0/«B 

^ Ho attempt is made to compute here the tradeoff between the beneficial 
affect of wing swaep-back (via reduction of normal eoi^onent of velocity) 
and the viscous dissipation associated with the spanwise component of the 
flew. Since treating only the former would be overly eptiaistie,our 
two-dimensional stagnation line predictions (see Section 5.2) are for an 
equivalent unswept "cylinder” • 


5.1.1 Efluilibttum Stagnation Sta te Condition! . 

An liBport«it “wferenM" »tate of dltoeclated olr for computing 
lowl norodynonlc hooting 1. tho equilibrium etate obtained by adlabatlcally 
•tagnatlng the hyparaonlc free-atraam. A aufffclantly complata description 
of this state would consist of the pressure p^, the temperature 

««| composition (mole fraction.) d- O.K^.KO. from which 

ail thermodynamic and transport properties entering Eq. (5.1-1) could be 
computed. This state could, of course, be computed ab In lfe for each flight 
condition. (W.Z) using a subroutine Incorporating the equations of state, 
^rgy, momentum and a Gibbs (ree-energy minimization procedure. However. 

our goal Is a design-oriented aerodynamic heating program which 
iovelves mazlmum simplicity and minimum computer time we Instead make use 
of the availability of such equilibrium stagnation state calculations at 
"mesh points" In the range U - 6 (1) 26.kfps, 2 - 130 (10> 400 Kft 
( see tewla and Burgess (1965)). These data are put into the program on 
cards and two-dimensional interpolation Is done to provide the value of any 
property §(0.2) In terms of the tabulated values of this same property at 
the "neighboring" mesh points. For this purpose we use the truncated 
(quadratic) series expansion: 


1(0.2) - §a;^2^) + + «2>o * 


(5.1-6 ) 


idlers CO, .2 ) li the nearest mesh point on the altitude-flight speed plane 

and the partial derivatives evaluated at this point, eg«(§z)o * 

etc. ere evaluated using central-difference formulae [ see, eg. Hildebrand (1966)) 

Xf flight conditions ere such that complete Oj and K 2 diosoclatlon occurs 

within the shock layer then these Interpolated properties § are used as Is 

to compute p.. y,. dh. etc. required to evaluate (-q;)^.* 

the shock layer dlsscclatlon kinetics of Oj and /or Hj be Inadequate, the 

ifrovementloned "reference" properties § ere etlil used to generete relevant 

gas mixture properties at the outer edge of the boundary layer In terms of 

U. .a™. .. F,„.. . <* ■ *• 

in Section 3eie3» 
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s TOtypodiywOTic and Tvangport Lwt and Data 

Tht ptitont vcttloQ of the computer program ineorporatee the 
lelloving baaic aaauiuptlona and eooventlona: 

a) dlaaooiated air can be considered a mixture of the S perfect 
gases 0| 0^1 H0» N and 1% 

m u* 

b) trusport properties tor ecieh of these neutral species depend 
on local pressure and teirporature in accord with the predictions 
of first-order Chapaan-Enskog theory with the Lennard-Jonee 
12t6 interaction parameters given by Svehla ( 1^62. ). The 
thermal conductivity of the diatomic molecules 02» MO and M2 

telated to their corresponding "monatomic" conductivities 
U5/4)RM{/U2by the Eucken factor lBlrd,Stewart and Lightfoot 
tt960)3‘ 

c) The mixture properties p and X are well approximated by "teixing 

rules" of the MassiUeWa-Uilke form [Bird, Stewart and Lightfoot 
C1960)]. ( for i • 0, M ) is confuted from 


•1^ * 


( 5 . 1 - 9 ) 


d) absolute species enthalpies (based on • 298. 16M} and 

diiienaicDless molar heat capacities (C^ ^/K) are well-approximated 
by the polynomial expressions given by Li (1973 ). These agree 
with the JAMAP data up to 6000K, and formally allow thermodynamic 
daleulations up to 40,000R* 

a) frosen (sensible) and chemical contributions to the absolute 

species enthalpies ara dafired using T^^^^ ■ T^. Thus, the absolute 
molar enthalpy for species i is wrlttent 


T 


(5.1-W 


♦ Of course, the 5 species model 'of dissociated air breaks down abeve 
some (pressure-dependent) threshold temperature 
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vhert cnthAlpy eh.ink'« »eroB$ the vaaecion forming 

on* nolo of opoeloo 1 from 0* and/or N, at tampersture T and C . 

• • W Pf* 

la the molar apecifie heat at conatant proaaura. With 'thla eonvantlon 


^••f • **f,a " '‘f.w - »* that* 




mhara ®p,l^l* 


"*cham.l * *‘cham,l,e “ *‘d.am,l.w " 
mhara Q^- s dMj^^(T^)/H^ 

f) where mean propertlea appropriate to the boundary layer are required 
(•8t ft and Le^ in Eq.(S.lr2 )» the values used herein are the 
arithmetic mean between those at station e and atatlon w. 

While refinements to these property estimates can be readily incorporated in 
future flwdifications of the present program^ these choices proved convenient 
and were deemed sufficient for the illustrative calculations included herein. 


S.1.3 Incomplete 0^ and/or Nj Oisaociation in the Low Oenalty Shock t^qrer 

Onder glide re-entry conditions it seems likely that ehoek layer diasociatlM 
of Oj »td M 2 « being finite rate proceases, will nee proceed to their equilibrium 
values in the residence times evaileble^ [Chung (1961). Cheng (1963), Tong (1963) 
Xnger (1966). Kang (1970). Kang and Dunn (1972)). For this reaaon. our 
formulation incorporatea the two funetions i which can very between 

aero (no dissociation) and unity (equilibrium dissociation) depending upon the 


♦ in this important respect the flight situation is markedly different mos 
ere Jet-produced environments (tdiere appreciable atom concentrations usually 
eniat in the “free stream" as a result of recombination "freasing" during the 
nestle expansion). See. also. Section 5.4, 




i 






t 


Mgnlcude of an appropriate DaffkBhler nutaber for Cho dlaeociatlon of 
■oleeulea H ( M * 02t ^ 2 ) ot the font 


4 




*floir 

^dlesoe. 



w , 


(5.1- 13 ) 



vhere A la the shock layer thickness, diisocistlon rate 

constant at tes^erature T and N Is Avogadro's number <6.023 x 10^^ 

* 

Boleeules/mols) . 


Since the Pp^ 2 incorporated vis e subroutine, any one of s 
number of previous estimates end correlations for the Pp^ ^ can be readily 
used in the present program. In this connection we have investigated the 
^Dom 1 c**^'*^*^^^*^ suggested by the results of Perk (1964), Tong (1965) 
md Inger (1966). These euthors treated a pseudo-binary ( atom "A" <f 
BOl«''ule ”If*) model of partially dissociated air and predicted non- 

equilibrium values of established at a noncatalytic wall over e range |<j 

of equivalent nose radii, ambient densities, flight velocities and well 
tes^eratures, providing analytical or graphical correlations of their 
results for particular choices of the dissociation rate constant. In 
ej^lolting this work we moke the useful assumptions t 


A1 Owing to the disparity in bond energies, O 2 dissociation is 
sufficiently faster than N 2 -dissoeiation so that either one of 
two coses prevails: 


A2 


&m,0 


< 1 when P, 


Dam,N 


• 0 or 


^Dsm.O - ^ ^0s«.» ^ ^ 


Velues of effective outer edge of the well boundery 

l^r (stetion e) can be identified with predicted values of ^ 
for e noncetslytic (y*0) well. 


A3 Bimolecoler dissociation kinetics dominate the shock layer, hence 
it any flight speed w, depends on p end R only through their 
product: p^R (*%inary scaling”). 


4 Vhile this expcrstion may ultimately prove useful to correlate evoileble 
^Ssa i**^*^*" (Bultieomponent shock layer computer ruiu) it is not explicitly 
invoked in the present cooputational sdteae. However, it should be 
remarked that the Pp^ correlation cited below exhibits the 
in mt co«i«e*ne 




Q. 
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Tlw first of these essentlsUy states that O2 and dissociation are 
"sequential”, the second is expected to be reasonable under conditions 
such that is not very different from unity (i.e . (p./p^) ♦ Re^ 

sufficiently large so that departures from high Reynolds number boundary 
liqrer theory are not very great) . The third assunqption is defensible 
for Space Shuttle Orbiter re<^ntry conditions, except idten F p^ ^ approaches 
unity, ^ince the equilibria 2A H are established via 3-body homogeneous 
recombination) . 

Since the simplest of the ftuggested F^^ ^ correlations is that due 
to Tong (1965) we will illustrate the nature of an Fp^ ^ •'Atoutine for 
this ease. However, in view of the feet that agraement on the magnitude 
^Dam,i different workers is not good ( see below ), we 

•usscct that improved F^^ ^ subroutines be developed for future use. 

Our program is organized to facilitate the incorporation of such future 
developments as well as the calculation of interesting limiting cases 


(r. 


Dam,! 


0 or F, 


bam,i 


1 ). 


for the parameter range 278 1 T^ i 166SK, 15 <. 0 £ 26 kfps, Tong*s 
numerical integrations across the shock layer could be represented by 

2 

(5.1-lA 


numeneai integrations across the shock layer could 

... <"V>rK) . r + “-vsl 

L: — hztS z] 




irtiere Pm^^m^nax — 

ft 5 Xe65 

-A, max * ‘ > 


(9.1-15 ) 


* 1^*22 * 10“* ♦ 3.76 x 10*® (JSU). ^ J (9.1-16 ) 

*“» » • jqS 

end Rg, U are expressed in feet end feet/see, respectively. In using 

these results ( in accord with Al,2) we conclude that if (m. ) < 0.232 

A,w - 


t For PjP^^^ * 0.989 we take <“g^^*)Y«o^“A,max “ ^*** 
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'On,0 * ^ “0,«j«q 


(5.1-17 ) 


Bowcver, if (u. ^ *, 0.232 then F-. a • 1 “A 

A$W y«Q W«BlfW 


*’»e«.N • “H.ejeq 


(5.1-18 ) 


lAere 


“8.e “ ^ <“a.v> 


Y^O.Tong 


- 0.2321*^ + K w> ‘ <1 - ^ > < 5 ‘ 1 - W ) 

Y^>,Tong '*H 


Te indicate the verlatione in ^ ei^eeted based on "atom + molecule'' 
coB^utationa available in the literature, we compared values of F^^ ^ 
found from Tong's correlation, with thosp io^lisd by Fig. 6 of Inger 
(1966) for the specific conditions 5^ * 1 1',, “ 1500K, 0 • 26 kfps. 

This comparison is shown in Fig. 5.1-2, where it is noted that Inger's 
method predicts coa^lete O 2 dissociation to high«i^ altitudes than Tong's and a 
more gradual transition from equilibrium to frozen behavior for nitrogen at lower 


altitudes. For • 1 ft, near conditions of peak heating, both methods 
predict nonequilibrium N 2 dissociation and essentially cooplete O 2 
dissociation. 


Vo also found that the es^itical correlations suggested by Park (1964) to 
describe his numerical results for (Uj^ ^ led to physicallv unreasonable 
results for the F^ , under Re. conditi^^relevent to the Space Shuttle 

DMBI 0 X V 

Orbiter. 


Of course, numerical predictions of avelleble for 

specific conditions (O.Z.R^* T^) based on lai^Ry multicomFonent, viscous 
shock layer integrations, and presumably more eccurate rea::tioa rate 
constants [gang (1970), Kang and Dunn (1972), Li (1973), Blottner (1969)]. 


♦ Bad Tong's correlation for p./p, > 0.989 been used, the corresponding 


values of ^ would turn down et sufficiently low altitudes. This non- 


physical behavior was therefore precluded by setting (m^^ w^y*0^ **A vf* ** 
above PjPrn^mM “ * 











Xn (he futuM tlwss point#” should bo usod to obtoln It^rovod 

eerxeUtion# tor the function# Introduced h#te - or to "cellbrete” 

the F* . routine lllu#tr#ted above. 

Diai|i 


It reaeln# to consider how the and are calculated In tet»# 


of the The composition . follows Immediately from the definition 

of F , (i>0,tOt the known values of «£^o;eq* **** 

^“*1 b) «ji,),e'“(0).e • <1-0-232 )/(o! 232) twhere and are, 

xes^etlvely, the element mass fractions of nitrogen and oxygen]. When 
, Is not completely negligible we edd the tentative approximation 
3 « F 0 * “no e-e * ”*“®* equations 

In the*^ J^owns «« **’and i*lch completes the determination of 


the tt, 




^2 0 * 2 • 

The corresponding temperature then follows from the constancy 


of the'total enthalpy, iej. T satisfies the nonlinear equatlont 



hi«.) - 

i • 


**l^e,eq^ 


(5.1- ao ) 


This 1# solved via a rapidly convergent Newton-Raphson Iteration procedure, 
eterting with the rou^ estimate: 



e,eq 


1«0,N 


“l,ejeqV*p,e;eq 


(5.1- 2.1 ) 


Having thus determined and T^ compatible with the flight condition 

(0,2) and the corresponding all gee properties at station e can be 

computed as outlined in Section ^1.2 (with the additional approximation 

o « p ). Thus, p ,u , Ah. etc appearing In the expression for 

*^e *^e,eq ' » '^e’ e ’ f 

(•q^)|l^ ere evelueted. 


5.1,4 Humerlcal Methods and Comput ational Efficiency 

It Is clear from the above subsections that the desired radiation 
equilibrium temperature T^ appears in many explicit and Illicit ways In 
Bq. (5.1-1). However, this causes no difficulty If an Iterative, numerical 
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•eltttlea !• usad, in which all funetiens of art avaluatad uaing eha 
"eurfant** aatioata and a ayaceaacie cenvargant proeadura for 

ealcttlacing ^ provided. The aehaaa adopted hero ia a finite- 

diffaranea nodification of the Newton-Raphaon aethod, which circuavanta 
the naad to calculate an analytic derivative of the function whoae"root" ia 
being aought. Thua if Eq. (5.1-1) la repreaented by 

fCr^ - 0 : <5.1- 2Z) 

and if ia the current eatlnate of the root, an laproved eatlnate iat 

* * uw,*”* ♦ w - - » ) 1 ) 

T5 

where the tcaperature increoent h ia (arbitrarily) taken to be tO K. 

The firat approxiaation in thia acheme, T^^^^ ia taken to be the 
radiation equilibriua teaperature obtained froa the preceding point (U,Z) 
along the re-entry trajectory. In practice ^thia acheae haa proven to be 
quite effective, uaually requiring no aore than 4 iterationa to 
obtain j - T^^"^ I ^ i K • Thua, the value of T^ 

at each (U,Z) point along a re-entry trajectory can be obtained with about 
£ aec of coaputer tine on an IBM 360/67. Thia eoaputational efficiency 
will aake it poaaible to exploit ‘the prograa for paraaetric and deaign 
atudiea at aintnal coat. 


5.2 iBDlicatlottS of 


X0 illuatrate the use of the eei^otstieiiel procedures outlined In 
g s c tlf*^ S.l In predicting ioportant trends snd persmetrlc dependencies 
«e have cosputed radiation equlllbrlun temperatures for the RPP (leading 
edge* nose cap) material under a number of aerodynamic conditions. In 
to calculations based on our experimentally obtained Yj^-values 
ms have also Inclitded calculations based on the extreme (limiting) cases 
• 0* ^ 1* All calculations below ere based on e total hemispheric 

emlttance function ranging between 0.9A and 0.85, In accord with 

the normal hemispheric emlttance data reported In Pig. 5-26 of LTV 
(1972). In addition to calsulatlons In tdiich shock layer dissociation 
n«»equllibrium effects are incorporated via the Pp^^^-^^routlne illustrated 
In Section 5.1.3, comparisons are included for the limiting cases ^ 

(1-0,11) C«quilibrium dissociation In the shock layer] and Pj^^^ “ ® 

(no dissociation (or ionisation) is the* shock l«iyer). 

Pigure 5»2-l illustrates the role y pi*y ^ determining the 
cempejatures expected under peak heating (0 ® 2A kfps, 2 - 2A6kft) 
for a '«se radius of 1 ft. Here y !• considered to be a para- 
meter (lO"^ 1. distinction is made between Yq 

Hote that if equlllbrlun dissociation were achieved In the shock layer then 
T (y • 10“*) would be about 380K less than T^(y - 10®), with maximum sensitivity 
T to Y In the range 10“* £ Y i Hot surprisingly , when allowance 

is TFi ad» for incomplete N2 dissociation in the shock layer, this sensitivity 
of T to Y decreases , amounting to about 62K if only O2 dissociated. The 
extent of dissociation^ depends on ths nose radius, and If the nose radius 
were only 1 ft. then using the Tong (1965) correlation to estlnste 
yields s sensitivity of T^ to y of only about AOK. 

It is now Intsrestlng to conaidsr the predicted history 

during a typical Orbiter rs-entry trajectory using experlmentel ydeta 
and considering several body radii In the range of Interest. The cases 

♦ Interestingly enough, these predictions suggest that perfect catalyst 

(y-1) with equlllbrlun shock Isysr dissociation would run some 130K cooler 
• surface of the same emlttance and nose radius in a non-dissociating 
(gnd/or ionising) Oj + H2 atmosphere. This is attributed to the effect of 
very different gas properties at the values of T^ predicted without 

dissociation. .s,. 
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under conditions of peek eerodynemle heetint< 





doscribed below ate only illustrative of Kbat can now be OcontMiically 
accoqplished using the conputational methods of Section S.l. In Figs. 

5,2-2 to S.2-4, Ypyp refers to calculations in whidi the values were 
based on our duct reactor measurements in 0 ♦ N mixtures. Predictions 
using the data shown in Fig. 2.3-3 (and their extrapolation to higher 
st&ject to the bound ^ 1) yield radiatioi equilibrium teiperatures 
even closer to the corresponding y- 1 case. All T^(t) plots are based 
on the velocity-altitude trajectory given in Table S.2-1, and pertain to 
forward stagnation points (3 dim) or lines (2 dim) on the Orbiter vehicle. 

Figure 5.2-2 reveals that for ■ 2 ft (3-dim) both Yj(T^ and 
shodc liQrer dissociation effects are quite ii>portant in determining 
the expected T^-t history*. VJiile the potential gains from low y 
are sizeable (tp to 218K tenperat’jre reduction near 800 Sec.) our y^ data 
(c£, curve msrhed y£jjp)for the present RPP material suggests only modest 

15J0 departures from the corresponding T^(t) e:q>ected for a "perfect” 

(v * 1) atom recombination catalyst. These y/ 1 tenperature reductions 
become even smaller for smaller nose radii, and don't show up in the scale of 
Fig. 5.2-4. When finite-rate shock l.QreT dissociation is included for • 

1 Ft., Figure 5.2-3 illustrates that if equilibrium shock layer dissociation 
were achieved under otheivdse identical conditions then yj* 1 tenperature 
’Eductions would be quite appreciable (cf. Fig. S.2-1). Ifere detailed 
conptttations, including their inplications with respect to anticipated 
VP? mass loss and re-;use edibility are obviously now possible, and are 
suggested as valuable extensions of this work. Similarly, the inplications 
of Our y|^-measuteroents on RSl'-coating can now be included in similar 
foimalism, making appropriate allowances (via Stj^) for the downstream location 
of RSI panels on the Orbiter vehicle. 

^ V \ \ 

'♦ The rapid surface tenperature rise predicted for y ■ 0 beyond an 
el^sed re-entiy tim of 800 sec is primarily caused by the failure to 
dissociate N 2 in the shock layer as the flight speed decreases. This 
increase also shows ip (in less drametic fashion) for catalytic surfaces 
(see curves marked y^j^p and y ■ 1) . Che concludes that nonequilibrium 
phenomena strcmgly inHuence the shape of th^sur(pce tenperature vs, Higa 
locus during re-entry. 
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Ubte S.2-1 


VflMlttal Tr«)«eeerlM for • 17S,000 Lb. 8pae« Shuttle Orbitur* 


TIm Altitude feleelty >C 9 

eee) (ft) (ft/eee) (btu/Tt >eeei 


0 

400»000 

25,532 

2.05 

80 

361,189 

25,580 

4.70 

ISO 

’ 325,387 

25,623 

U.S0 

23i 

280,937 

25,652 

40.57 

285 

257,516 

25,590 

76.32 

340 

243,208 

• 25,347 

102.97 . 

373.75 

243,255 

25,145 

100.3 

426.25 

239.959 

24,822 

103.5 

516.25 

236,854 

24,214 

102.3 

616.25 

232;U5 

23,454 

102.23 

718.75 

226,047 

22.547 

102.18 

818.75 

218,292 

21,478 

102.16 

908.75 ' 

208,646 

20,272 

102.13 

988^75 

196,326 

18,858 

102.13 

1033.75 

192,475 ‘ 

17,868 

92.59 

1101.25 

188,225 

16,433 

76.98 

1198.75 

180,937 

14,347 

57.36 

1376.25 

164,392 

10,567 

29.59 

1496.25 

150,310 

8,029 

16.47 

1596.25 

136,186 

5,940 

8.61 

1675 

122,026 

4.330 

4.37 

1767.5 

105,271 

2,679 

1.43 

1805 

94,487 

2,124 

.89 

1851.5 

80,000 

1,495 

.41 


e. OAOA MK II polar entry trajectorlee of 11/19/71; high croee range, 
o “ 30*{ by CeDe Scottp 31 August 1972« 

be ^ is tbs fully catalytic haatlni rata to a l<-foot radius ••rsfatenca*^ . ^Qta. 
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yM¥tou*ly Pnc.d<ldered Chemical Evenf Which Caul<i Modify 
tht lUf of Entrgy Trongfer to the Vehicle Sutfaco 


with out goal of devaloplng r^liabla and eonvanlaat 
Mtliodt for gradlctlng /ahlela aurfaca tai^raturaa In tarns ©f 
Tot^^)“*«d t|j(T^)~data wa hava Inlelatad quanticatlva atudlea of two 
(‘taraating and potantlally Inportant procaaaaa. Both elaaaaa of pro~ 
catsaa diaeutaad la this aubaacsloa in affaet raguira tha ralaxation of 
Mfunptlona uadarlylng tha aarodynanic haating acthod outltnad in Sactioa 
9*1. Tha aaawaptlona in guaatlea arat 

•) lha aMrgy ralaaaadpar gran of racoablnlog atoaa 1 (1«0»N) 

is 9i » ***f •qulllbrlum haat 

♦ of tha aton fomatloo raactlon at t^a oravaiUnp aurfaca 
taaparatura 

ondar -glide ra-antry eonditioaa tha vlseoua boundary layer nay ba 
conaldarad *'chanieally frozen*' with raapact to gas phase stem 
reeoid>lnatlott reactions 

Ilia are aotlvatad to axanlna tha first of those assuaptlons since recent 
low pressure (p <1 torr) surface tacoablnatlon aaparlnents [Hartack at al » 
(1960,1964), Wood at al , (1963, 1967), Kalin and Hadis (1971) | Indleata 
that In s«Ba eases only a snail fraction of tha agulllbrlun haat of ra* 

. aablnatlon Is released at tha catalyst surface. Thus, la Section 5.3.1 we 
< lefly address tha quastlont what do these low-pressure laboratory 
studies Inply with respect to tha aspactad level of aarodynanic heating 
of hyparaoale gllda re-entry vehicles t 

Tha second of tbasa assuaptlons has traditionally been based on ordar- 
ef-nagnltuda raeonblnation-tlna astlnatas earr^od out for a pssudo>blnary 
^ nolacula **M") partially dlssoelscad las, racoablnlog by a 


• ■ore detailed traatnant, oaa Rosnar and Fang (1973) 


( 
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i: 

* 3>body pree***, «g. 

A ♦ A + M* K + (5. J-1) 

Bmicver, in conAldtrlAg elM lnt«rpr*tACiea of dcr rec<«binatioa oemcieot 
MMttrenents carried out in 0 4* N talscuree ( see Section 2.3) It occurred 
to ua that the following sequedca of 2'-body proceasea in^ the boundary 
l^rer could Influence the wall energy tranafert 

H + Oj NO + 0 (5.3-2) 

H + HO Hj, + 0 (5.3-3) 

since t In affect » they can "undo" aurface-catalyaed 0-atoa recoaibination 
and replace It by the more exothcralc forttatlon of Nj. Our asaesanent of 
the poaaiblUcy and influence of these honogeneoua reactiona in partially 
dlaaociated ^r is given In Section 5.3.2 below. 

Role of Surface-Catalyzed Production of Excited Moleculea 

- It^Uclt in the analyaia of Section 5.1 la the asouB^tlon tUt the 

atOA recoabination event atatiatically leads to diatonic nolecules in 
themochemiccl equilibrium with the surface. However, atom recrablnation 
m some surfaces evidently leads to the production of excited 
( see the abovementloned references). Clearly, if these excited molecules 
could escape the boundary. layer without being '‘quenched” the energy 
transferred to tho catalytic surface would be less than if the catalyst 
had produced molecules with the local thermodynamic equilibrium (t-TK> 
distribution of internal energy states CHosner (1962b)]. Indeed, at least 
partial escape wist have occurred in the low pressure experiments cited 
above, since the observable was the energy transfer to calorimeter surfaces 
exposed to a known atom concentration. To determine whether this can occur 
in the orbiter re-entry environment it is necessary to better understand the 
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4et«ilt pf thp qitPfiehifig proceso* For this purpose we have carried out a 
**eoa4ttetivlty'<-etll'' analysis In tha spirit of [Rosner (1963) ] in which 
a) a wall'daflned elactronically axeitad state (designed by H*) is 
produced with probability s* per reeooblnacion event (s* < 1) • b) this 
state, with energy level (per gran) above the ground state nolecule, 
is quenched either by gas phase collision (with 2*body rate constant fc^) 
within the "cell" of thickness 6 or by encounter with the wall (wall 


quenching probability y^)* n) nbon reeosd>ination occurs only at the wall, 
with probability Since the details of this analysis are 1' :luded in a 


recent paper (Rosner and Feng (1973) ] only the principal results and 
conclusions ate presented here. 


Tha rola of the parameters (see Section S.l) i* and 


is the LTE heat of ground state atom recombination) is readily t^preciated 


by first considering the limiting ease of neither gas phase nor wall 
quenching. Then,for a single recombining speeiest 


TT,min 


1 + (1-s* 


(5.3-4) 


Where is the corresponding aerodynaiBie heat flux to a non-eatalytic 


material. Since Nj dissociation in the shock liqrer of the orbiter vehicle 


may be sluggish (see Section 5.1) it is of interest to apply Eq. (5.3-4) 
to the production of vie aurface-catalytad 0-atom recombination'*’ . 

In this caaa ■ 0.875 and, for conditions near orbiter peak heating 

{Z • 240Rft, D > 24 Kfpa) we estimate « 0.73). If wa now coa^are 
two ' tlve recombination catalysts ( d ■ 1)» «»ly bne of which produces 


upon every recoadiinetion event, then, in the abaence of localised 
quenching, wa find 


^*^s* « 1 1 ♦ (1-0.875)^ (CU73) _ 


Values of ^ff/Qo taported by Melin and Madix (1971) for An,Fa,Ni,Pt 
and W are low enough to correspond to s* *• 1 (to within axperimantal error) 


3 4* 

for the production of 0.( C ) 




Sine* th* radiation equilibrium temperatura is approximately*' proportional 
to (r^ ' (ef. Section 5.1) under eonditiona for which ia about 

1900K tbe value would therefore be about 1700K, yielding 

about 200K local ’’saving" for a "perfect" catalyst ( s^ Ya > 10**^) 

3 «f Ur* 

producing O 2 ( ) on every recombination event. 


This situation can ba altered considerably in the presence of 
i^reciable wall quenching or gas phase quendhlng [Sosner and Feng (1973)] 
Even if the overall homogeneous quenching rate constant is as large as 
that for 02 <^) ^ N 2 <g) we find that the parameter <^££» defined by 



(5.3-6) 


(5.3-7) 


is only of the order of lO**^, so chat wall quenching would appear to ba the 

more likely quenching mechaniim under these conditions Aveilable 

oj^erimental data on the excited molecule wall quenching probability y 

.are ^arae, even for 0,( £_ ). Since the ratio of y. to the atom recom- 

^ S 1 H 

bination probability y for quenching on room tenperature pyrex 

is evident slightly larget than 10, we examined the effect of settii^ y^/y ■ 15 
in the following equation, applicable in the limit of negligible gas phase 
quenching: 


* Mete exactly, <v (-q^)^^® where n is the local value of d(ln c^oT^)/<ilnT^ 
taee, eg. Sosner (1964a) ]. Thus, n*4 only for the case of constant 
emlttanee. 

qi 

Our procedures for estimating the effective values of gao film thickness, 

6, and tbe chemical enthalpy parameter *H are identical to those given 
by Sosner (1963) 
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.4I& (5«3-8) 


Co^ining these estimates^ we find that if s* • 1 a ninliBum value of 

of (only) about 0.97 is attained at d * 0.11. Coicparlng 
two catalysta with d • 0.11 under these conditions we find that^if s^ • 1 ^ 

T • 1670K , whereas if s^ • 1690K. Since 0 ^ s^ 1> we see that 

unless ouch smaller values of y ly are relevant » the maximum surface 
tes^erature reduction to be expected from oxygen atom recombination to 
eii.S8«tie excited moleculee (eg. tether then ground etate noleculee) 

le only about 20K. Intereatlngly enough, while y^/Y to *>• 

mailer for ) quenching on pyrex, the energy transfer effects of 

recombination to *** smaller since Q^/Qj^ ^ oo^Y 0.192, again 

to teo^erature reductions of some 20K. We tentatively conclude 
that %rall temperature predictions neglecting the p h e nom enon of oxygen atom 
T .c w b<«.r<M> to metastable electronically excited molecules will only 
slightly overestimate Hence the use of available y-data and the 
fareviouslv imolicit) assumption a* « 0 is not likely to be overly c onservati^ 
unless surfaces with s* « 1 and sma ll y^,/y fot very energetic metastable 
m olecules are encountered . Only if reasonably low y<j surfaces could bo 
found Which, say, produce 02^^^u^ moleculv. with a* • 1 and with much 
lower wall quenching probabilities than Fyrex Would this conclusion be 
altered. 

Corollaries of our theoretical model relevant to the inference of 1 
bated on differential energy flux measureeants in the laboratory are 
included in the full-length paper of Sosner and Feng (1973). Thus, in 
the presence of recombination to excited molecules, values of y previously 
determined from differential energy flux measurements under continuum 
would be low by a calculable amount dependent upon s* 
and the kinetics of excited molecule quenching} see, eg. Section 5.4. 

t jf vibrationally excited molecules were produced at surfaces during atom 
reeoabination the present formulation would retain many of its present 
features, however a more detailed homogeneous quenching model (accounting 
for the large number of "species” of various energy levels) would be required. 
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5.3.2 Influence of Btnolecular Exchange Reactions on Energy Transfer 
te Solids in Dissociated Air 


In addition to the obvious possibility of direct recosd>ination to 
H 2 » the presence of atonic nitrogen fomed in the shock layer cad cause 
mi the surf ace^cataly ted formation of N 0 (g), and b) the gas phase 
conversion of N0(g) and 02 <g) to '&2 via 'Reactions (5. 3*2. 3) (See Pig. 

S.3-l)« Since these processes can be inportant even when the three-bo^ 
henogeneotts recombination proeeada at a negligible 

rate, it is prudent to consider their energy transfer consequences under 
glide re-entry vehicle conditions. To our knowledge no assessments 
of this type have previously been reported in the aerospace literature. 

Bather than divert toe much attention from our principal gonl of 
Y 0 * Yu determinations and their aerodynamic heating ia^lications, we 
decided to estimate as simply as possible the heat transfer effects of 
Baactiona (5. 3-2, 3) under conditions of nominally peak heating. The 

*Sfor 8 t case" was treated - ie. ^ « ml, to maxlmlae the N-atra 

concentrations **available” for the abovementioned gas reactions. Since 
little is currently known about the kinetics of aurface-catalyred N 0 (g) 
production in dissociated air, our preliminary atialysis is confined to 
the limiting case in which the only source of N 0 (g) is that due »o 
Beaction (5.3-3) occurring near the 0-atom ree«d>ination catalyst. Indeed, 
wo concluded that a sii^le but useful quantitative analysis of the effects 
of these reactions could be carried out under the slaqillfying assumption 
that these reactions are rapid enough to be considered ''pseudo-heterogeneoua** 
This implies that they take place in a chemical "sublayer" of thickness 
^dhem coo^ared to the total diffusion boundary layer thicknesa, d. 

As indicated below, the "pseudo-hetarogcnaoua" hypothesis leads to a very 
Simple algebraic model of speclas transport across the predominantly 
"froten" boundary layer. In addition te yielding the expected trends, 
kha results of this nodal will be shown te ai^ly justify more detailed 
studies of these kinetic phenomena in the future. OltiMtaly, it is 
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possible that these effects could be routinely included in serodynsnic 
bee t<ng eslculstions by treating them as pseudo-heterogeneous. Once 
rigorous nonequilibrium boundary layer solutions are available and 
correlated In this way, this approach would be closely akin to that of 
giving end Liu ( ) , ^o represented the effects of gas phase atom 
recombination by an ejqpression in terms of an effeetive( fictitious) 
heterogeneous race process, la the present section our approach is 
intrinsically different, since we seek to make ab initio estimates 
of an effect of gas phase reactions, in the absence of more rigorous 
calculation < including these effects, 

^ assuming the MO diffusion term and homogeneous chemical sink 
term (due to Saaction (5.3-3) ) are in approximate balance within the 
** chemical subl^er” we obtain the following estimate for 


^Chem 


I »w'^^V * i ^“M 0 ,w *^0,0) • “m,w . 


(5.3-9) 


whare ** Then, by equating the actual reaction rates within 

^diem pseudo-heterogeneous counterparts, when ■ 0 we estimate 


S.wjeff 


f * Vchem 


(S.3-10) 


4,W{eff ■ Vchem 


(9.3-11) 


Then we write 4 slmultaneoua algebraic equations in the 4 unknowns 
(i • 0 , 02 »M 0 ,M) by re-expressing the species balsnce equationst 


(teal pseudo)* heterogeneous 
**source“strensth 
per unit surface area 


• -y • 

m . ) 


(9.3-11) 


( ^ 
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tbcM aro solved Iteratively for the ^^rom which the energy flux 
la eatlnated usingt 




T 

• V 


V 


1-0,N,N0 


<«. 


l.e "l,w 


>Qi 


(5.3-13) 


XUuatratlve ealculatlona of using this approach were carried out 
for the caset Z “ 240 kft, U • 24 kfps, ^j)am N * 

• 1900)1 with the results shown in Fig. 5.3-2. To nlnlsise the effects 
of uncertainties in naan gas properties (X,D^) and total boundary layer 
thickness, d, we have displayed the ratio of "actual" (including 

the pseudo-heterogeneous N-atom reactions) to (^^) * "frosen" (the 
energy flux confuted neglecting gas phase reactions but under otherwise 

identical conditions). Only results for which d . is less than 0.2d 

are included, and the values of k 2 . (expressed in cm molee sec ) 
were taken to be (Prud'homne and Lequoy (1969) ]: 


and 


kjd) • 2.16 X 10”^^ T • exp ( - •— ) (5.3-14) 

kjd) - 2.22 X lO”^^ T (5.3-15) 


reapectively (where T is in degrees Kelvin). The values of Yh v«te 
taken to be paraaeters. as it was expected that the effects of these 
biaolecular exchange reactions would be greatest when Yq 1 * large (to 
produce considerable O 2 ) and y^) snail ( to consume the least possible 
anount of N via the true heterogeneous reconblnation reaction). 


The results shown in Fig. 5.3-2 bear out these expectations and reveal 
surprisingly large energy transfer effects - up to a factor of • 2.3 for 
the worst case shownt(YQ ■ lO”^. Yj| • 10“*). Evidently^ only if Y 0 < lO”^ 
or Vtt excbeds about 10 **^ would a sl^^le "frosen" astinate of the energy 


— Il l I II I . I . I. ..yy.i.ii I , I II i ^ . M 

4 This would correspond to about a 450K increase in radiation equilibriun 
teaperature coapared with the corresponding "frosen" boundary layer 
prediction. 
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taM prov# reasonabl#. Thus, based on this adislttedly single 
eeaputatXonal model, we conclude that under gl ide re-entry conditio ns 
for which N-atoms are formed In the shock layer. the inf lt^once of _ 
I.«tnftleeuler h~atom exchange reactions within the b oundary laver should 
be Included In future predictions to avoid pos sible serious under- 

of the aerodynamic heating rate to radi ation-cooled solids 
which catalvtlcallv recombine 0-atoms » However, our high temperature 
Yjj experiments on sllleonlxed RPP (cf. Pig. 2.3^) and Pj^^^^-predlctlons 
for nose radii of the order of 1 ft. suggest that this effect will not 


be is^ortant for the present leading edge material* 
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5»4 The Dlaparlty Between y Inferred from Duct Reactor Testa and 
V tnfetred from Arc Jet Testa 

Beeed on e series of sir ere Jet tests in which the brightness 

ten^eratures of coated and uncoated radiation cooled KPP specifsens 

were covpared under identical flow conditions it was concluded (LTV 

(1971 » 1972)1 that the inhibited RPF surface ran cooler because y 

••2 

IMS of the order of only 10 at T > 1900-2100K* Inspection of 
fig. 2.3>3 reveals that this Inference conflicts sharply trlth our 
conclusion that the coated SPP surface Is quite catalytic to 0- and, 
especially; N>atom recombination at these temperatures. Hhile the ^ 
absolute accuracy of our y determinations above 10 ^ is compromised 
by the need to make appreciable diffusion corrections (see Section 2.2) 
the resulting uncertainty does not affect our basic conclusion that 
the BfP coating is an active reeooAination catalyst above about 1500K. 
Since arc jet testing pl^^s such an ia^ortant role in the aerospace 
materials screening/selectlon process, it is ia^ortant that the causer 
of this disparity be investigated further. Of particular concern is 
the question of uhether current arc jet test procedures might lead to 
overly optiaiistlc conclusions regarding the behavior of such aiaterials 
in nonequilibrium air environments. A detailed Investigation of 
possible systeaiatxc errors and unaccounted for effects in available 
Isboratoiry techniques is obviously necessary (ef. Section 6.2), and 
could lead to test methods and flight predictions of greatly increased 
reliability. For the present, we briefly considered the following 
assumptions implicit in the arc* jet inference of y 

1. The total and spectral omittance of bare and coated RPP are 
coavarable (ea . 0.8S) 

2. Bare RPP in dissociated air achieves essentially the same 
surface tea^erature as a hypothetical perfect catalyst ef 
the suns total emlttsnce. 

3. The heat released per recombination event is the equilibrium 
heat ef atom recoa^ination at the prevailing surface temperature 
(see Section S.3.1) 


m 








Assumption 1 is Inpertsnt sines costed KPP could sppesr to run 
cooler (vis optical pyronetry) merely because Its spectral emlttance 
is lower than aasuneds Assumption 2 bears examination since coated 
SPP could appear to run cooler than bare RFP because of the highly 
exothermic surface combustion of bare BPP in dissociated oxygen^ 

Assu^tlon 3 focuses attention on the fact that the arc* jet Inference of 
Y Is bssed on an energy transfer estimate rather than an atom balance. 
Since energy transfer Is of ultimate Interest this would sppear to be 
sn advantaget were It not for the fact that the energy transfer 
Inference of y Is scale (sire) dependent and apt to be non^conservatlve 
when applied to fllght>scale hardware thosner and Feng (1973)]. 

Sven Introducing a spectral emlttance 0.25 (for 2100K coated 
at 1 • 66S0A ) ana a total emlttance 0.6 (for 2100K coated RPP) 
(preliminary data of R. Wakefield (1973)] we calculated that the 
combined effects of assumptions 1 and 2 would raise the arc-jet 
Inferred y by no more than a factor of about 3 to A-fold, leaving a 
considerable disparity between the arc jet and duct reactor Y'values. 
Moreover, our XPS data on arc jet and duct reactor exposed specimens 
sugpest that thle disparity cannot be attributed to significant differences 
In the In situ surface chemistry under the temperature conditions of 
our Y~Boasurements. 

Aaignlng the cause of the disparity to assumption 3 Is intriguing 
hut would be premature in view of the lack of eiq>erimental data on 
••(ncomplete energy accomodation” on catalytic solids In H-atom atmospheres. 
Yet this phenomenon should be pursued further since sdlnor changes in the 
present RPP coating (eg. elimination of, or substitution for, >120^) might 
lend to significant in-flight temperature reductions when materials of 
this type are applied in regions of large effective nose radius (eg. the 
fusslsge nose-cap, or belly panels). 

4* This possibility has evidently been considered and rejected by 

J. Medford (LTV (1971)], whose unpublished calculations suggested that 
the best of combustion is offset by the blowing effect on the trsnsfer 
coefficient associated with the mass loss process. 
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In thn light of the coatente of Sections it ney be eeid 

that our principal objeetiveo have been achieved as a result of 
this one*year technical effort* These include: 

a* development of a duct flow reactor technique to determine 
the atom recombination coefficients and above *1000R for 
flat I nonconducting thermal protection system materials with y* 
values in the range of aerodynamic heating interest (Section 2.1,2»2) 
b* demonstration of the applicability and utility of X-ray 
photoelectron spectroscopy (XPS) to chemic/^lly characterize 
the surface of candidate thermal protection system materials 
before and after exposure to dissociated oxygen and/or nitrogen 
(Section 4*1) 

e* development of a rational « yet practical method to predict the 
aerodynamic heating consequences of laboratory measurements of 
atom record inat ion coefficients and the acempanying energy 
transfer (Section 5)* 

6«1 Conclusions 

Specific important conclusions that have emerged from these laboratory 
and theoretical investigations are best itemized as follows: 

A* Duct Flow Reactor y -M easurements 

*The «urf«e« of *iliconiMd carbon carbon - reinforced pyrolyaed 
pla*tlc(h*r*afc*r deaignated RPP) eonaeicuces a surprisingly active 
catalyst Cor th* recombination of 0 atoms and N atoms at surface 
temperatures above lOOOK* Y**valuea computed from our experiments all 
exceed 2 x 10*^, and at tamparaturae above 1370K, the atom recombination 
eoafficient Cor 0 or M atoms on the surface exceeds 10**^. As * corollary 
to this, in flight M in our duct, and especially for RPP, non-negligible 
atom concentration gradients (nocmsl to the catalyst surface) will always 
exist at thaae tamparaturas. Thua, any high atom pressure (continuum) 
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XFP Y*M«sur«MnCs will requitft a ''diffusion correction" limiting 
its ebsolute accuracy* 

*Xn tho 1030-1710K temperature range investigated » N and 0 atoa 
less by recoRbination on RPP coating exceeds the corresponding loss 
by chemical combination with the surface by more than F*fold* 

N, 

*Xof«rr«4 ti»«coa reeotabinaclon eoeffieients on RPP eoaclnt are larger 

than eerreapondlng 0-atom recombination coefficients by about 2-3 

fold ever most of this temperature range (1030-1710K) 

*Uhile Yq *nd Y{|*valMS on the coating of the re-usable surface 

insolation material (RSI) below about lOOOK are not very different 

Iron the corresponding values for RPP, in contrast to the latter, Ya 

^-1 

and Yu appear to level off and pass through a shallow maximum (< 10 ) 
near 1300K. 

*In contrast 'to fiPP, Yq exceeds Yjj on RSI (By a factor of the order 
of two) in the temperature range 985 - 1460R. Thus, the fact that 
Y-^aluas on RPP exceed those on RSI above about 1300K cannot be 
attributed to differences in roughness alone, and may be due to the 
AI 2 OJ content of the RPP coating. 

B. RPP Mass Loss Experiments 

9 9 

*The mass loss behavior of RPP in oxygen (ca . lO**^ to S x 10 torr) 
is very different from that of pure, dense 8-SiC. This is especially 
aarkad at temperatures below about 1900K, where the oxide formed on 
RPP is relatively nonprotective and easily removed by physical means. 
This difference is not nxclusively due to the presence of AI 2 O 2 in 
the RPP coating, since it persists after the surface layer containing 
AI 2 O 2 is removed by the ablation process (cf. XPS evidence below) 

*Xn contrast to pure, dense 8-SlC the RPP ablation process below 
2000K is not Impeded in 0 'f N mixtures (relative to the corresponding 
rates in 0 alone) 
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C. /Physical Charaeterlzatlan of Surface 


♦XPS investigatloa of RPP surfaces exposed to 0 or Oj at | 

SK)derate cen^eratures (In the range 1410 ~ 1620K) reveal that all I 

of the surface silicon is present in the fom of SiO^fe) • In ^ 

addition, aluolnum is present (as an oxide). This aluminum is |; 

lost during the initial states of reaction above 1700K by physical 1< 

removal of the aluminum oxide phase, N* atoms are also effective in i* 

removing this finely divided carbcm. 

*Finely divided carbon (formed by the decoo^osition of SiC) exists !i 

on the surface of RPP during 10“^ tort 0^ exposure at T > 1800K. Under ,, 

these conditions the ablation behavior of siliconized RPP is probably 
poorer than that of pore graphite. 

i At tenperaturw below the Si^N^ or Sl^ON^-loss threshold (1820 < T 
< 2030R) nitrogen is Incorporated into the RPP surface upon ei^csure 
to gas containing ca. lO ^ torr of atomic nitrogen. 

*Below ISOOR all observable silicon on the SSI surface Ij In the 
form of SiOj, indicating that the SiC content of the coating is 
"butled'* or that SIC constitutes < 10 atom pet. of the surface layer. 

* *Arc Jet exposed SSI surfaces frequently exhibit the cont aminan t 
element aluminum that very likely influence the catalytic nature of ^ 

the surface. ^ 


*8EM studies of the RSI. coating reveal that while the virgin surface 
is smooth and featureless, temperature cycling at llOOR gives rise to 
blistered surfaces, revealing high temperature gas evolution. Temperature 
cycling at 1600K leads to a very rough surface. 


*8EM studies of RPP exposed to oxygen at high temperature reveal 
very rough surfaces from which the Si 02 (c) is easily removed mechanically. 
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CONCLUSIONS 




D. itorodytumlfc Heating of Hvpergonlc Clide Re-entry Vehicle* 

*Xf dissociation-equilibrium were sehleved in the shock layer of 
Iqrparsonie glide vehicles with a trajectory similar to that of the 
Space Shuttle Orbiter then the temperature reduction realized by 
the use of a noncatalytlc (rg ^ XO'^, Yu' S. XO”^) rather^ than a 
catalytic (yq> y^ > 3 x XO*^) coating ^proaches 400R. Owing to the 
s:^itivity of 10>y-coating ablation rate to surface tenperature even 
small changes in radiation equilibrium tenperature vdll strongly 
influence the refuse opability (number of missions between refurbishment) 
of the materials system [cf. LTV (1972)). 

*Ihe kinetics of N2 dissociation in the shock l^er of the Oibiter 
v^cle are slow mough to significantly redu» the benefits of using 
low on radiation*cooled vehicles, especially in regions 

of small stagnation point radius. The combined effects of small nose 
radius and sweepback should make y^ for the win^ leading edge material 
far less ijiportant than the corresponding values of Y]i{(T|P for the 
nose cap .and fuselage belly panels. Reduced tenperatures of these 
locations would imply greatly increased refuse capability for fixed weight 
and coating thidoiess. 

*Per nose radii of the order of X foot only aurfaea-cacalysed 0 atmt ’ ^ 

recombination may be important, and the potential benefit of noncatalytic 
materials is soma 60K. Larger benafita (> 200K reduction on radiation 
equilibrium temperature) are possible when > 1 ft owing to the 
formation of N atoms in the stagnation region shock layer, however, these 
are not likely to be realized using the present BPP leading edge/nose 
cap material. Our yovasurements suggest that, for • 2ft, RPF would 

run only some 1S-20R cooler than a "perfect** catalyst during about 60Z < 

of the re-entry heat pulse. This difference would ultimately vanish 
during the last 40Z of the heat pulse (Section S.2) 

noncatslyti.; tefractory coating used where Rj^ is sufficiently large 
would not only reduce peak wall teaparatures by more than 200K - it 
would also have the effect of altering the shape of the T^(t) **pulse** 
from one which is very high and plateau-like , to one which first eidiibits 

' 
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• "low tenperaturo" plateau followed by a tenperature rise (eone 
130 - idOK) aceonpanylng N2 dlaaoclatlon llaitatlona later In the 
re-entry (Section 5.2). 

eyhe phenomenon of wall quenching ia likely to annhilate any 
ti gwtMgant heat transfer reduction that would result from surface- 
eatalysed atom recombination to form excited (rather than ground 
•tate) mol ec ules under re-entry conditions (Section 5.3.1). However, 
it is possible that the escape of excited N 2 molecules formed by 
surface catalyzed N*atom recombination could account for a significant 
portion of the surface tenperature differences observed in a high 
entha^ air arc jet vdien inhibited RPP is ccopafed with bare RPP 
(Section S.4). Thus, present arc jet test predictions of surface 
tenperatures during re-entry, and hence re-use capability, may be 
overly optimistic. 

dOhlle 3-body reactions may be "frozen" within the boundary 
liqrer, under glide re-entry conditions for which N-atoms are formed 
In the shock liqrer, the Influence of bimolecular N-atom exchange 
reactions within the boundary Itqrer should be included to avoid 
underestimating the radiation equilibrium temperature of 0-atom 
recombination catalysts (Section 5.3.2) 

6.2 K ecommendatiuna 

Potential reductions in radiation equilibritm tenperature (>200K) 
due to reduced catalytic activity, and their implications with respect 
to ttctended re-use capability especially for the nose cap and possible 
fuselage belly panels, are large enough to justify further research on: 

a. The phonomena causing large systematic differences between 
Y Inferred from energy balance methods (eg. in are jets) and 
y inferred from atom mass balance methods (ef. Section 5.4). 
Kvaluation of the consequences for laboratory simulation of 
•akarials response in nonequilibrium dissociated air. 
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b. Since a truly non-catalytic (^-0) coating is an unattainable 
ideal, and since the large observed df.fferenc»s between 
Yq» for the RPP-coating and tlio RSI-coating may be due to 
to the AI 2 O 3 content of the fom»r, it would be usefia to 
^tenrine yq on pure Si 02 at surface tmperatures abow 

1500K (using a dierdcally compatible refractciy substrate) in 
.our duct flow reactor (cf. Secti<m 2). 

The eauaea of large acciviey for preaent generation coaCinga, 
including high temperature Yq» meaaurementa on iit^ortant coating 
conatituenta (eg. / 1202 (a)), and a better definition of the role 
of aurface topography (roughneaa). 

d. High tea^erature meaaurementa of Yq Yjj well-defined refractoi^ 
ceramic materiala likely to be uaeful in the future U.S. l^eraonic 
vdiicle development , 

e* MaasuremMits of the effects 0*1^ Yq ,Y small element additions 
to ceramic coatings (io. “doping" effects <ai catalytic activity) 

£ The interacting effects of physical, chemical and aerodynamic 
phenomena in determining eiq^ected surface temperatures and 
ablation rates for radiation-cooled glide re-entry vehicles, 
further development/exploitation of the predictive methods of 
Section 5. 

g« Gas uptake-loss phenomena in tes^erature-cycled amorphous 
coatings t the causes, consequences and prevention of surface 
blistering. 


^ For exanple, deling the present coating with B, A1 or Ti to 
st|q;>ress crazing is under consideration [LTV (1973)], 


to the largest extent possible, further research should be directed 
obtaining a better basic understanding of the subtle chetnlcal and 
physical factors governing the nagnltude of y and energy release on 
ehevleally and physically well-defined refractory surfaces. This will 
require Increased attention to naterlals other than currently eanufactured 
IPS coatings, a longer-range viewpoint and a more systematic approach. 

The goal ahould be to provide a scientific foundation and set of 
sppllrebi* techniques to guide future design choices In the realm of 
l^persoolc flight. Results of this type would also InevltAly find 
sppUcetlon In many other technical areas In which dissociated gases 
interact with refractory solids. 


t The extent to which our present program exploited results available 
from the authori previous long-range basic research Is clear from the 
content of 8ectlo»2-5. Without this background, the results reported 
here could not have been achieved In a one-year period, even at 
considerably greater cost. 
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8, HOMENCLATURE 


« 


*p.8 


"•££ 
£( ) 


i;.. 

Vi 

S» 


transverse flow arse of duet reactor at prevailing axial 
•tation* 

aaan ther?"*! speed of atoaa evaluate at catalyst surface. 

Mixture specific heat (per ga.) 

swlar heat capacity for eheaical species i. 

rick diffusion coefficient for species 1 transport 

effective local duet dianeter ^ U x (area)/('*wetted*'perimeeer) 

correction to heat transfer for departures from hi^ Reynolds 
nuaber boundary layer theory; see Section 5.1. 

correction factor for finite Boleeule dissociation kinetics; 

Eg. (5.1-7) 

function; Eq. (5.1-22) 

Selder-Tate typo function correcting the local mass transport 
coefficient for transverse property gradients 

Selder-Tate type function correcting the local heat transfer 
coefficient for transverse property gradients 

Selder-Tate type function correcting the local skin friction 
coefficient for transverse property gradients 

hoBogeneeus sink tera In aton skssa balance equation; (Eqs.(A2. 2-10)1 
Molar heat of formation of species J 
diffusion flux of stoma at the wall 

hoaogeneous (3 body) atralc recoriblnatlon rate censtaat (j«0,N) 
haterogenaous recoablnatlen rate constant; Yc/4 
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’dlMoe 

^flow 

t 

I 


»<y) 


B 

z 


cbArBCterittic diSBoelation tlM; Eq«(S.I-*13) 
charaetttistic flew tins; Eq«(5«l-13) ^ 

\ 

1m« 1 gas tao^arature 

Bvataga gas valoeity in ducc, or **fraa stream*' velocity ralatlva 
to vahiela 

dimsnsionlass wall racoo^iaatlon parameter for atoms 1 
(1 • 0,N); Eq< (S.l-S) 

difference between eemputed and experimental value of 
^(y)< Section 2.2 

mole fraction of species j In mixture 

longitudinal coordinate along the reactor 
altitude above sea level 


i 


Symbols 



dynamic vlacoslty 6f gas mixture 
Stefan^Boltxmann radiation constant; Eq. (5.1>1) 
argument for mass transfer Nusselt number 

argument of the Nusselt number for heat transfer 
atom recoaiblnatloa probability 
thermal conductivity of mixture 

gas density 

mixture kinematic viscosity, 
spades J mss fraction 

quantity defined by Eq. (5.1»1S) 

inelastic Maaf*freerpath of emitted photoelectrons 

angle of attack of Orblter vehicle 


a 




’•,oax 


*ChMI 

A 

♦ 

« 

Swbtcrlpts 

«u 

A 

BL 

b 

e 

•ff 

•« 

«sp 

i 

b 

1 

■ds 

«1 

nvl 

br 


total hanlapherle eolttaneo of ourfaco; Eq, (S.1-1) 
qaaotlty defined by Eq.(5«l**16) 

dlffoalon boundary layer ehleknesa 
eheoical aublayer thlekneas| Eq. (S.3*9) 

aheek layer thicknesa 

"cstent" of heterogeneous atom reeooblnatien{ Eq. (5.1*4) 

any property (p.»p » p.»»*«) tabulated as a function of O.Z 
(cl. Eq. 5.1-8) • • 

intemediata station in reactor Section X (see Fig. 2.2-1) 
pertaining to atoos (either H or 0 atoos) 
pertaining to boundary l^er theory; cf. Eq. (5.1-2) 

"bulk'*or "nixing cup average" 
eohputed value 

cheadcal eontribotlon or part 

outer edge of external boundary liqrcr; Fig. 5.1-1 

exit of the duct reactor; Fig. 2.2-1 

effective (equivalent) value 

pertaining to local theraocheaical equilibriua (LTE) 
aaperiuental value 

Chaaically "frosan" (in absence of chemical change) 

pertaining to heat transfer 

inlet* station of duet reactor (Fig. 2.1i*l) 

speciea index (either Ar , M 2 > M > 0 or O 2 ) 

pertaining to local gaa mixture 

«indow| Eq. 3.1-1 

no ifindov} Eq. 3,1-1 

brightness (Section 3.1) 
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■as 


« 

a 

« 

ate. 


2.3 

X,XZ»X1X 

Zaperacrlpta 

(r) 

0 

1.2 


Hiicellaneotts 


A( ) 


6 (l)i 6 

tP8 

LTE 

BPP 

B8X 

qpt 

ZSGA 

LTV 

SEM 

IPS 


■aslima value ( 4 . 3 . 

pertaining to the quenching of excited molecules 
icnediately downstream of the normal shock wave 
evaluated at the wall (gas/solid interface) 

partial derivative with respect to Z>0,Z and U etc., Eq. (5.1-S) 
at upstream infinity (with respect to body) 
for homogeneous reactions 5.3-2 and 5.3-3, respectively 
pertaining, respectively, to reattor Sections I,ll, XII 

r^ ^roximation ( r > 0 , 1 ,....) 

evaluated in the ideal gas (iia p <.• 0 ) state 

pertaining to first and second "levels*' of approxlmatloa to y 
(written ^ ,2y ); see Section 2.2 


"diange in" operator 

spectroscopic designations for electronically excited states of 
the O 2 molecule 

from 6 to 26 in increments of 1, etc. (see Section 5.1.1) 

thermal protection system 

local thermochemical equilibrium 

reinforced pyro).yred plastic material (nose cap, wing leading edge) 
re-usable surface insulation material 
quarterly progress report (Contract NAS 9-13058) 
electron spectroscopy for chemical analysis (see IPS below) 

Ling Temco Vought Aerospace Corporation 
scanning electron microscope 
1 -ray photoelectron spectroscopy 
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00 .( 0 ) 


l.l0(-4) 

()•• 

O’” 

3'dim 

2-dim 

A1»A2».. 


gas 

solid 


eondansed (liquid or solid) 


eoncontrations (nuabot dansities) of N, 0$ Section 2.1 


pareant 


i:i8 jc 10 (ate.) 
per’^t area 
per unit volume 
3 dimensional (axisymfnetric) 
2 dimensional 
Assusptions 1. 2, ...... 


Appendix 2.2 1»ETAILS OF DUCT BEACIOr. DATA BEDDCIIOS PROCEDOBE 


This appendix inclades explicit expressions for the individual 
terns ^peering in the quasi>one dinensional duct reactor analysis 
outlined in Section 2.2. 

For constant property Poiseoille flow through a straight circttlar 
duet of dlaneter d with constant wall teaperature for a >. 0 the local 
heat flux at the duet wall is given hy: 

^ ‘ * I*w “ . (A2.2-1) 


where 




Pr * Se 


s 

d 


(A2.2-2) 


The local Nusselt nunber Nu(0 appearing In Eq. (A2.2-1) is ej^ressible 
in the form of an infinite series [Kays( 196^ )]. For variable property 
flow in our nonr>cireular duct reactor the local heat flux is therefore 
approximated by: 
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a?* • 


!x*i 


off 


»»(€,) 


Cx^ - Xj^(k)l 


(A2.2-3) 


idiere ^;^(X^/X^) ^ * variable property correction factor of the Seider-Tate 
type and 
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Ft • Be 

^eff 

2 
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^efk 
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(s-a^) 

Fr • Re * 

«*eff 


for 

for 

for 


e < s < 8 

«tt - tt 


•u ^ *d 


«> 


(A2.2<^a) 

(A2.2-4b) 


(A2.2-4e> 


' M. 


m 


«her« th« ait«tions 8^ md exm defined In Fig. 2.2-1, Of course 
T (s) Bust be specified, especially outside reactor region II (where 
T is aeasured). For this purpose it was assuoedtthat is at rooB 
tcaperature in the water Cooled quarts sectiop' (cf. Fig. 2.1-l)and 
rises linearly in the uncooled quartz section to value half-w^ between 
and that of the water cooled section (cf. Fig. 2.2-1). 

g f Hitler expressions Bust be used for atoB mass transfer to the walls, 
however, the situation for w ^ “a,w ^ known. 

a nriori , but is detemined by a local balance between transverse atom 
diffusion and surface reaction [Sosner (1964d)). This local transverse 
atoB balance equation nay be written: 


“'A.b ~ “a.w 


H«(V 


k (X )e tt. 
w' w'*^w A,w 


(A2.2-5) 


idieret 


2 ^*’*u^ . • (V>b 

Sc . 5e * d^j ^ • A 


(A2*2-6) 
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/«RT„\l/2 


(A2.2-7) 


P*. s 


* *1- . 


(A2.2-8) 


.When Eq.(A2.2-S) is solved for we find: 


fl,y«<Co)(PAP)b“ A.li . 

^A,w d^,, Si^w^eff 


(A2.2-9) 






/ 


4 Owing to the catalytic activity of quarts at these teaperatures, our inferred 
y-values for Section XI can be sensitive to the value chosen for the peak 
quarts tenperature. However, paranetric studies indicete that this could at 
■ost account for abot't a factor of 2 in our present y^-estimates for the RFP 
aeterial* 
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«1M. 1« «, vj. the MleceUt ve«.t e« the tee 

ed««e « the ..U, «. Itetetl™ eeXetlo. .« te, to tetotel, toceeeew- 

Values of. the correction factors f^, fj^, fj, ware esttoated fro» "callbratloii” 
xuns la uhlch the exit pressure and bulk gas tenperature were neaaured and 
eonpared with computed (predicted) values e These ledj respectively j to f^ * 

^ values reported herein were based upon 

these factors, together with the assumption f^ * 1»0. 


( ) 


(■) 


Por a three«b dy reaction the gas*^hase reeoad>lnatlon tern Is 
given by: 


* 


\o^b^*>b^ “0,b “02,b 

np^ • n^ 

SN^b^<*b^ *4.b 

• »b 


for 0-atoms 


for N-atoms 


(A2.2-10a) 


(A2.2-10b) 


The homogeneous (3 body) recombination rate constants kj^ p and k^^ 

appearing In Eq. (2.2-10) have been taken to be 0.817 x 10**^^ and 
e»32 6 

1.49 X 10 ca X nolee x see , respectively, within the reactor 
temperature range of Interest [Sdilff (1969)]. 

.. nie corresponding enqr^ release to the gas mixture Is merely 
given by the product where the (4 ■ 0,N) are the heats of 

recoablnatlon per unit nasa. 


The ^pearance of only the first power of 6^ and the O 2 
concentration In Eq« (A2.2-10a) reflects the predoalnance of the 
Oj-nschsnlsa for 0-aton recoablnatlon under chase conditions (Kaufnan, 
a96i) j. 
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APPENDIX 2.3, ON THE 1TSE OF AljO^ ADDITIONS TO BPP CO. ICS 


Inasmtch as our recombination reaolta and the con^arlson of 
SPP mass loss rates with those for pure dense pyrolytic SiC 
(Bosner and Allendorf , 1970a) indicate that the presence of 
AI 2 OJ in the BPP coating m^ enhance racood>ination and oxidation 
reactions we examined the evidence [Lt7(1972)l that led to the 
decision to use Al20^ in the EPF coating. Since we have not found 
II summary of this evidence, our summary of the data la given below. 

The relevant data concerning the use of AI 2 O 2 in SPP coatings 
are given in Sec. 4.3 and the appendix of LTV(1972). The basis 
for dioice of a "best" coatixig system is stated (p. 144) to be t^t 
"tested specimens indicated acceptable low ten^erature oxidation 
resistance, good strength and plasma are performance, and a projected 
ease of fabrication". Avoidance of crazing phenomena and cool 
down cracks during fabrication was also significant in choosing between 
different coating procedures although (p. 171) "The effect of crazing 
on system performance has not pet been proven detrimental alnce crazed 
parts have performed well in plasma are test and air furnace test and 
ha*;e good flexure strength." 

The guantltative results that bear on the choice of the IOAI 2 OJ 
60S1C, 30S1 pack composition in the diffusion coating runs were 
test results from diffusion furnace runs H8SB, M88, M9S, H96, and H97 
(p. 143). Ve have summarized these results In Figs. A2.3-1, *2, and »3. 
Figure A2.3*l plots all the are Jet test results for the above sag^les 
versus tez^erature and also presents the correlation curve for the final 
arc Jet results on the 10/60/30 material CkTV(1972), p. A63-64]. 

No significant difference is observed between the results for any of the 
pack formulas and the final 10/60/30 material. However, most of the 10/60/30 
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achieved allghtly lower tenperaturea* in the arc Jet 
(••ta f ffld therefore appear auperlor If one asaunea that arc Jet 
eaperinenta falthfolly reproduce the re-entry environment. 

Flexure atrength data from expta M95* M96 and M97 are preaented 
aa atrength vs^ apecimen percent Weight gain during coating in Fig. 

A2.3-2, It ia clear from thia plot that atrength decreaaea with 
weight gain during coating and with the temperature of the coating 
proceaa but ia' not related to the coB^oaition of the pack. 

Pereny furnace teat data which meaaure weight loaa during air 
expeaure at 2300*P are plotted in Fig. A2t3-3 aa percent weight change 
is the furnace teat veraua percent weight gain during coating 
procMa. Again* pack toa^oaition ia not aignificant. In Fig. A2.3-3 
the banda for data on the 10/60/30 coating [LTV (1972), p.l621 are ahown. 

it appeara that AI2O3 containing packa for the diffuaion coating 
proceaa produce coatlnga with equal arc Jet, Pereny furnace, or atrength 
performance to formed in the abaence of Al^Oj. The main reaaon 

for the choice of AljOj containing packa for the diffuaion coating proceaa 
is perhaps historical aa evidenced by the atatement (p. Ul) “This good 
performance (in Phase I plasma arc teats) was in part due to the aluminun 
content added in slurry form to the surface of the BPP prior to 
packing in a mix of ailicon and silicon carbide. Specimens fabriacted 
without a1^ f*'*f**"* oxide did not perform as well? Also the statement on 
p. 148 *%e lOX AljOj mix sinters and shrinks at a more predictable rate under 
the teat conditions although at 3400*F an ovar-sintered condition prevailed” 
i^pears to be aignificant. Heverthelaaa the qualitative conparlaon of 
pack results containing differant amounts of AljOj (p. 145-147) does not 
seem to favor the lOAljOj, 60S1C, 30Si composition ovet the lAljOj, 69S1C, 
3081 eoaposition. 

• The good correlation between weight loaa and temperature indicates that 

no aignificant apactral emlaaivity differences exist for the different 
coatings. 









fig. A2.3>2 flexure strength versus weight gala during ceetlag for 
various tfP costings 
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APPENDIX 5.1 CONVERSIOi OF TO RECCMBINATIOM RATE Q»iSTANT("VEUX:nY' ) 
Since all aerodynamic heating predictions involve the gray 



It is uscfiil to be able to nyidly Convert from the dimensionless 
teconbination probability v^CT^p to the corresponding recombination 
rate constant or •’velocity" (e^qpressed, say, in cm/sec). For this 
reason Table AS.1-1 is provided, giving the ntraerical value of the 
ratio^ 10*^ for 0 atoms and N atoms in the teuperature 

range 1000(100)2SOOKr 


Table AS.1*1 


Values of 10’^ l^Y fot 0 and N-atom Recombination* 


\00 

Obiygen. 

Nitrogen 

1000 

2,8759 

3.0737 

1100 

3,0163 

3.2237 

1200 

3.1504 

3.3670 

1300 

3.2790 

3.5045 

1400 

3.4028 

3.6368 

1500 

3.5222 

3.7644 

1600 

3.6377 

3.8879 

1700 

3.7497 

4.0076 

1800 

3.8584 

4.1237 

1900 

3.9641 

4.2367 

2000 

4,0671 

4.3468 

2100 

4.1675 

4.4541 

2200 

4.2656 

4.5590 

‘ 2300 

4,3615 

4.6614 

2400 

4.4553 

4,7617 

2500 

4.547Z 

4.8599 


♦ the value of may be identified with tl» maximuro possible reaction.- 

velocity for atm recombination at the prevailing surface temperature, 
a expressed in an. sec*^ 


it UJ. tOVEHNIiltir nUMttlltt OPTICE: 1«73^77»*210/1077 
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